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Nucleosomes are 147-bp DNA segments wrapped around  
a histone octamer1 that regulate DNA-dependent processes 
by recruiting regulatory factors or restricting DNA acces-

sibility2–4. Chromatin-based regulation depends on the precise 
positioning of nucleosomes along the genome and on reversible  
histone modifications5. Specialized enzymes that modify 
DNA-bound nucleosomes shape this epigenetic landscape, often 
in conjunction with processes that use DNA as their template, 
such as gene transcription6–9. Histone exchange counteracts 
position-specific chromatin modification by replacing DNA-bound 
histones with freely available ones that bear a general set  
of marks10–13.

Although important for shaping the epigenetic landscape,  
histone exchange has received little experimental attention  
compared to histone-modifying enzymes. This is owing, in  
part, to limitations of existing methods for measuring exchange 
rates14–18. Histone exchange measurements require a fiducial  
temporal reference that is commonly provided by labeling his-
tones at a given point in time. Although providing the most direct 
temporal information, pulse–chase histone labeling introduces 
a temporal perturbation and measurement delays. Furthermore, 
pulse-chasing often changes histone levels and requires multiple 
time-resolved samples. These limitations are particularly con-
founding when attempting to describe dynamic changes in the 
exchange patterns during rapid processes, such as transcriptional 
reprogramming14,15,17–19.

Here we describe an alternative approach for profiling histone 
exchange that relies on a genetically encoded sensor. The sensor is 
modified at each genomic position according to the local nucleo-
some residence time, allowing genome-wide profiling using single 
samples of cell cultures. Specifically, we devised a reporter whose 
level is sensitive to the co-localization of H2A-H2B dimers and 
H3-H4 tetramers. In cells, these two nucleosome subcomplexes 
bind upon the formation of a nucleosome on DNA; hence, their 
co-localization at a given genomic location reports on nucleosome 
residence time at that position.

Results
Sensors for histone exchange. Our reporter is composed of a 
tobacco etch virus (TEV)-cleavable marker fused to the C-terminus 
of the histone subunit of interest (for example, one of the two H3 
alleles) and a TEV protease fused to a histone subunit from the com-
plementary subcomplex (for example, one of the two H2B alleles). 
The TEV-cleavable marker consists of an HA and a myc epitope 
tag, separated by a linker containing the specific 7-amino-acid TEV 
cleavage site (not present elsewhere in the yeast proteome). As the 
probability for TEV cleavage is proportional to the time the tagged 
subunits co-reside on DNA, myc levels remain high only at loci 
where rapid exchange continuously introduces newly synthesized 
(and, therefore, myc-tagged) histones (Fig. 1a). In nucleosomes with 
a longer residence time, myc is cleaved by the associated TEV so 
that only the HA tag remains, reporting on nucleosome occupancy.

To test whether our sensor reports on histone exchange, we 
applied it to H3, for which genome-wide exchange rates were pre-
viously measured using pulse–chase methods17,18. We engineered 
several H3 exchange reporter stains, in which the HA-myc sensor 
was fused to either of the H3-encoding genes (HHT1 or HHT2) 
or to both. The myc and HA profiles were similar among these 
three strains, indicating limited competition between tagged and 
non-tagged H3 (Extended Data Figs. 1a and 2b). We proceeded with 
the HHT1-labeled strain, which grew at a rate similar to wild-type 
cells (3% slower; Supplementary Table 1) and verified that the tags 
did not perturb the pattern of several H3 modifications (Extended 
Data Fig. 1b). To asses TEV cleavage, we engineered additional 
strains by mutating the TEV site to prevent cleavage (non-cleavable 
(‘NC’)) or slow it down (‘slow’, reducing kcat by ~26 fold20) and con-
firmed differential in vivo cleavage through bulk analysis (Fig. 1b 
and Extended Data Fig. 1c). Comparing the genome-wide HA and 
myc profiles (Fig. 1c and Extended Data Fig. 1d) confirmed that, 
in cells carrying the NC marker, HA and myc levels were highly  
correlated among genomic locations. By contrast, in cells carrying 
the fast-cleaving marker, high myc levels were also seen in nucleo-
somes with low to intermediate HA levels, confirming that myc 
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levels in this strain are not determined solely by nucleosome occu-
pancy (Fig. 1c).

To test whether our sensor strain reports on histone exchange, 
we compared the myc and HA profiles to genome-wide exchange 
patterns measured by pulse-chasing tagged H3. When compared 
across all nucleosomes, the myc/HA ratios were highly correlated 
(ρ = ~0.68) with published exchange rates (Fig. 1d and Extended 
Data Fig. 1e)17,18. We next examined for the correlation of histone 
modifications with high myc/HA levels. For this, we considered 
26 histone modifications whose profiles were recently reported21. 
Consistent with rapidly exchanging H3, positions of high myc/HA 
ratio were correlated with H3K56ac and additional H3 tail acetyla-
tions (for example, H3K4/9/18/23/27)17,18,22 and anti-correlated with 
tri-methylation marks, in particular H3K79me3 (ref. 21) (Fig. 1e). This 
pattern might reflect a role of these modifications in regulating his-
tone exchange, as was shown for H3K56ac18,23. Alternatively, it could 
result from the differential abundances of these marks on newly 
synthesized histones, as the acetylation marks can be added before 
DNA incorporation, whereas tri-methylation marks are sequen-
tially deposited solely on DNA-bound histones10–13.

The estimated replication-independent H3 exchange rate. Our 
analysis above supports the use of our sensor-based approach 
for measuring histone exchange patterns. Using an endogenous 
reporter alleviates the need for pulse–chase labeling and is, there-
fore, free of the associated time delays. Still, the data might be lim-
ited by the myc cleavage time in vivo, as faster exchange rates will 
not be detected. To estimate the myc cleavage time, we performed 
chromatin immunoprecipitation coupled with quantitative poly-
merase chain reaction (ChIP–qPCR) measurements to define the 
absolute fraction of myc-labeled histones at selected loci. We chose 
nucleosomes that ranged from the baseline myc/HA ratio found in 
the majority of nucleosomes to the ~20-fold higher myc/HA ratio 
found at the HTA1 promoter. myc/HA ratio differences in ChIP–
qPCR correlated well with those from sequencing (Fig. 1f and 
Extended Data Fig. 1f). In terms of absolute levels, myc/HA ratios 
ranged from a maximum of ~10% to a low of ~0.5%, which, accord-
ing to our ChIP followed by sequencing (ChIP-seq) results, applies 
to the majority (90%) of nucleosomes. Given that myc is introduced 
at least once during the 100-min cell cycle (during replication), the 
0.5% myc/HA ratio implies a cleavage time faster than ~30 s, which 
is on par with the ~10 s TEV cleavage rate measured in vitro for the 
same cleavage site20.

We reasoned that, if the widespread baseline of low (~0.5%) myc/
HA levels characterizes nucleosomes that exchange only during 

replication, it will be largely reduced upon cell cycle arrest. To test 
this, we arrested the sensor-carrying cells in G1 using mating pher-
omone and measured their myc and HA levels using sequencing 
and qPCR. As predicted, the baseline exchange pattern was reduced 
in G1-arrested cells (Fig. 1g and Extended Data Fig. 1f). The myc/
HA ratio of rapidly exchanging H3 remained largely invariant (ρ = 
0.78), with the exception of mating-regulated genes whose exchange 
rate increased (Fig. 1h). We concluded that the majority (~90%) 
of nucleosomes experience only a single replication-dependent 
H3 exchange per cell cycle. This, together with an estimate of his-
tone expression outside S-phase (~500 nucleosome molecules 
per minute; Supplementary Note), allowed us to approximate the 
replication-independent H3 exchange as 300–350 nucleosomes per 
minute (as compared to the exchange during replication of 60,000 
nucleosomes per 20 min). In particular, the highest exchange rate, 
found within HTA1 and HHF1 promoters, corresponds to a new 
histone being incorporated every ~4 min, on average, and remain-
ing for an average of ~2 min.

H2A-H2B and H3-H4 display distinct exchange patterns. Our 
analyses above suggest that replication-independent H3 exchange 
affects only ~10% of nucleosomes. Nucleosome octamer assembly 
begins with the binding of H3-H4 tetramers to DNA, followed by 
the recruitment of two H2A-H2B dimers24,25. Previous reports sug-
gested that H2A-H2B dimers exchange more readily than H3-H4 
(refs. 26–30), motivating us to extend the analysis to include all four 
core histones. For this, we engineered strains carrying the exchange 
sensors for H4, H2A and H2B. Consistent with efficient octamer 
assembly, we observed similar genomic occupancy (HA) for the four 
histones (Extended Data Fig. 2a). By contrast, the myc and myc/HA 
profiles varied substantially between the H3-H4 and H2A-H2B sub-
complexes but were more similar among histones within the same 
subcomplex (Fig. 2a and Extended Data Fig. 2b). To begin analyz-
ing these differences, we aligned genes with respect to their tran-
scription start site (TSS) and plotted the average exchange (myc/
HA) signal. This averaging was performed for all genes (Fig. 2b; 
note experimental repeats depicted as rows), for gene groups classi-
fied according to their expression levels (Fig. 2c and Extended Data 
Fig. 2c) or gene groups classified based on their functional associa-
tion (Fig. 2d). As can be appreciated, exchange of H3-H4 subunits 
localized primarily to gene promoters, whereas H2A-H2B exchange 
occurs downstream of the TSS.

Our data suggest differential exchange of the two nucleosome 
subcomplexes. Our reporters for these subcomplexes, however, dif-
fer not only in the subunit to which the sensor was fused but also in 

Fig. 1 | a genetically encoded timer for histone exchange. a, H3 exchange sensor. We tag H3 with HA and myc epitopes, separated by a linker containing 
a TEV cleavage site. TEV protease is fused to H2A. In the context of DNA-bound nucleosomes, myc is cleaved off. Myc is, therefore, present only in 
recently exchanged nucleosomes, whereas HA is present independent of the exchange rate. b, TEV cleavage kinetics are recapitulated in vivo. Western 
blot analysis with myc or HA antibodies detecting the H3 reporter with an optimal TEV cleavage site (fast), a catalytically impaired site (slow) or no site 
(NC). Three repeats were performed giving similar results. c, myc versus HA ChIP-seq levels of all nucleosomes for NC (median of three repeats) and fast 
H3 sensor (median of 17 repeats, HHT1 allele tagged) shown as density plot. Pink: nucleosomes analyzed in panel f. Half of the MNase-treated sample 
is taken for each epitope immunoprecipitation. ρ indicates Pearson correlation between myc and HA levels. d, Histone exchange (myc/HA, log) pattern 
from the fast-cleaving H3 reporter on all nucleosomes versus a previous study17. Histone gene promoter nucleosomes are highlighted. Pearson correlation 
(ρ) of 0.68 was also observed when comparing to an additional dataset (Extended Data Fig. 1e; ref. 18). e, Correlation between H3 exchange (myc/HA, 
log) and epigenetic mark enrichment21 over all nucleosomes. f, Quantitative ChIP–qPCR measurements for the absolute myc fractions (log2(myc/HA)) at 
indicated nucleosomes versus the relative ChIP-seq counterparts. Analyzed nucleosomes are highlighted in panel c. Four biological ChIP–qPCR repeats 
were performed, each consisting of four technical ChIP repeats and two technical qPCR repeats. The mean values with standard error are shown. AUS1 
values correspond to a fraction of 0.54% myc-labeled HA histones. g, Calculated myc-labeled histone incorporation events for all nucleosomes assuming 
one replication-dependent event at the baseline in asynchronous cells (left). Replication-independent exchange in G1-arrested cells (right, median of 
seven repeats), as based on similar ChIP–qPCR measurements for the high-exchanging nucleosomes (indicated; Extended Data Fig. 1f and Supplementary 
Note). Color indicates the number of replication-independent myc-tagged histone incorporation events. h, Relative H3 exchange rates of all nucleosomes 
in G1-arrested versus asynchronous cells. Color indicates the number of estimated replication-independent incorporation events. Promoter nucleosomes 
of mating-regulated genes are highlighted. Pearson correlation is over all nucleosomes. Dashed line is a linear fit for nucleosomes with more than one 
replication-independent exchange.
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the subunit carrying the TEV protease (see scheme in Fig. 2a). To 
control for this, we engineered an additional H2B reporter in which 
the HA-myc sensor was fused to one H2B allele, and TEV was fused 
to the second allele. This was possible because nucleosome assem-
bly proceeds through the independent association of two H2A-H2B 

dimers to DNA-bound H3-H4. This new sensor recapitulates the 
same H2B exchange pattern obtained with H3-fused TEV (Fig. 2a,b 
and Extended Data Figs. 2b and 3d). As additional controls for the 
H3 exchange sensor, we fused TEV to either H2A or H2B (Extended 
Data Fig. 2c), which again recapitulated the same exchange  
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profiles. Finally, because H2A can be replaced by the H2A.Z his-
tone variant preferentially at the +1 position, potentially affecting 
TEV-dependent cleavage there, we also tested our sensors in strains 
deleted of H2A.Z (Extended Data Fig. 2d). H2A and H3 exchange 
patterns remained nearly identical in all these strains, confirming 
that the difference in the exchange pattern of the two nucleosome 
subcomplexes is independent of the TEV fusion location.

Consistent with the expected higher H2A-H2B subcomplex 
exchange rate as compared to the H3-H4 subcomplex, condi-
tions of cell cycle arrest had little influence on the basal exchange 
level, suggesting that most nucleosomes undergo considerable 
replication-independent H2A-H2B exchange (Supplementary 
Note). As we discuss in the Supplementary Note, our quantitative 

estimates for H2A-H2B exchange rate are less certain and range 
~8-40-fold higher than those of H3-H4. Below, we proceed by 
focusing on the exchange profiles, namely the relative exchange pat-
tern over different loci, which is independent of these absolute rates.

Histone incorporation, eviction and replacement signatures. We 
showed above that the myc/HA ratio reported by our exchange sen-
sor correlates well with exchange rates measured by pulse-chasing. 
We reasoned that the individual myc and HA profiles might fur-
ther provide information about nucleosome dynamics. In particu-
lar, we asked whether we can describe more precisely how different 
biological attributes or processes, such as gene transcription, affect 
histone dynamics. To this end, we used mathematical modeling to 
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simulate the expected changes in myc and HA levels when changing 
three dynamic parameters: the rate of histone incorporation onto 
DNA, the rate of histone eviction and the rate of histone replace-
ment, namely a situation where increased eviction is tightly coupled 
to incorporation.

Our simulations revealed that, over a broad range of parameters, 
the cases of increased incorporation, eviction or replacement can 
be characterized by distinct signatures (Fig. 3a and Extended Data  
Fig. 3a). For example, increasing nucleosome incorporation leads to 
a coordinated increase in both myc and HA levels. We observed this 
signature when plotting myc and HA levels of all nucleosomes as a 
function of their nucleosome-favoring score defined by their DNA 

sequence (Fig. 3b and Extended Data Fig. 3b)31. Contrasting incor-
poration, increasing nucleosome replacement or eviction decouples 
the myc and HA signals: higher replacement increases myc levels 
while HA levels remain constant, and increasing histone eviction 
decreases the HA signal with little effect on myc levels, until reach-
ing fast enough eviction rates that are similar to the TEV cleavage 
rate (Fig. 3a and Extended Data Fig. 3a).

We used these signatures of histone incorporation, eviction and 
replacement to examine the effect of gene expression on nucleo-
some dynamics. To this end, we assigned nucleosomes to genes 
and plotted the myc and HA levels of promoter or gene body 
nucleosomes ordered by the expression level of the corresponding  
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genes (Fig. 3c and Extended Data Fig. 3c,d). Within gene bod-
ies, H2A-H2B myc increased with gene expression, whereas HA 
remained invariant. This replacement signature suggests that gene 
transcription leads to H2A-H2B replacement26,27,29. By contrast, myc 
and HA of H3 (or H4) remained largely invariant to expression 
throughout most expression levels. In fact, only at exceedingly high 
expression levels (~8% of nucleosomes) did we observe a decrease 
in HA alongside fluctuating myc levels, a signature that is consistent 
with either increased eviction or reduced incorporation. Therefore, 
within coding frames, transcription appears to promote H2A-H2B 
replacement, whereas H3-H4 is mostly retained. As H3-H4 carries 
the majority of transcription-associated marks, its retention within 
gene bodies might be needed to stabilize an expression-promoting 
epigenetic landscape.

Focusing next on promoter nucleosomes, we observed a differ-
ent pattern. Here, a replacement signature was associated with the 
H3-H4 subunits, whereas H2A-H2B exchange remained largely 
invariant (Fig. 3c and Extended Data Fig. 3c). Again, this behavior 
characterized the majority (~90%) of promoters. At the very high 
expression levels (top 8% of promoters), we observed a simultane-
ous decrease in both HA and myc, consistent with rapid eviction 
or lower incorporation. To further test these differential dynamics 
of H3-H4 and H2A-H2B within promoters and coding frames, we 
examined antisense transcription, whose expression is not corre-
lated with sense transcripts and is initiated within coding regions32. 
For this, we ordered antisense transcripts by their measured tran-
scription level. Focusing first on H3-H4, we observed an increase 
in gene body myc signal with increasing antisense level, analogous 
to the H3-H4 replacement signature observed within promoters 
(Extended Data Fig. 3f). H2A-H2B remained largely invariant to 
antisense transcription.

Histone chaperones function as repressors of antisense tran-
scription in multiple species33,34. In an initial candidate screen for 
chaperones that affect histone exchange (Extended Data Fig. 3g), 
we observed that overexpression of one such chaperone, Spt6 (refs. 
23,35–37), inverted the H2A and H3 expression-associated signatures 
within coding frames (Fig. 3d and Extended Data Fig. 3e,g): an 
expression-associated replacement signature was now displayed by 
H3, whereas H2A remained largely invariant. Although we do not 
yet understand the basis of this phenotype, these results confirm 
that the distinct signatures of H2A-H2B and H3-H4 exchange do 
not result from unforeseeable differences among our reporters.

Histone exchange during transcriptional reprogramming. Our 
data suggest that H3-H4 replacement is localized to gene promot-
ers, whereas that of H2A-H2B is transcription controlled. To more 
directly examine this, we followed histone dynamics during tran-
scriptional reprogramming. To this end, we exposed our H3 and 
H2A exchange sensor strains to oxidative stress and mapped the 
myc and HA profiles at 5-min intervals for 70 min (Fig. 4a). Changes 
in gene expression were observed within 5 min of stress exposure, 
peaked at ~28 min and recovered at ~60 min.

Consistent with the signatures observed at steady state, gene body 
nucleosomes displayed a signature of transcription-dependent H2A 
replacement: myc signal increased at induced genes and decreased 
at repressed ones, whereas overall H2A abundance (HA) remained 
largely invariant (Fig. 4a,b and Extended Data Fig. 4a,b). Conversely, 
H3 was evicted from induced genes, as indicated by a decrease in 
HA. These differential signatures of transcription-dependent H2A 
replacement and H3 eviction were observed throughout all stages of 
the response and for both activated and repressed genes (Fig. 4a and 
Extended Data Fig. 4a,b).

We noted H3 eviction in the promoters of induced genes as well 
(Extended Data Fig. 4b,c). This eviction was most pronounced in 
regions surrounding binding sites of the transcription factors (TFs) 
mediating the oxidative stress response: Msn2/4 and Yap1 (refs. 38,39) 

(Fig. 4c and Extended Data Fig. 4d). When aligning promoters based 
on experimentally defined binding sites, we observed rapid eviction 
of H3 (both TFs) and H2A (Yap1 only) in the ~500-bp region sur-
rounding these binding sites (Fig. 4c and Extended Data Fig. 4e). 
Of note, after the eviction, we observed a prominent increase in H3 
replacement (increasing myc with relatively constant HA), which, 
in fact, began during the gene induction phase (~18 min) and con-
tinued throughout the recovery (Fig. 4c). This increase in myc was 
specific to nucleosomes upstream of the TF binding site and was 
largely absent from nucleosomes closer to the TSS, perhaps indi-
cating an asymmetry in TF binding or function. Furthermore, we 
observed similar dynamics in promoters that bind Yap1 but whose 
gene expression remained invariant to the induced stress (Fig. 4d 
and Extended Data Fig. 4d). Changes were not observed at binding 
sites of TFs not activated during stress response, such as Reb1 (Fig. 
4d). Therefore, H3 replacement in promoter nucleosomes correlates 
with binding of specific TFs, consistent with a recent report40.

H3-H4 are continuously replaced in high-plasticity promoters. 
The strong correlation of TF binding with H3 promoter replace-
ment suggests that H3 exchange is associated more with gene reg-
ulation than with actual expression. Previous studies showed that 
genes differ greatly in their expression plasticity (expression differ-
ences between environmental conditions or genetic backgrounds)41 
(Extended Data Fig. 5a). Promoters of high plasticity are enriched 
with TATA boxes, which were previously associated with rapid his-
tone exchange (Fig. 2d and Extended Data Figs. 2c and 5b)42. To 
examine whether this association is restricted to expressed genes 
or is also observed during gene repression, we ordered genes by 
their expression plasticity, distinguishing genes that are induced 
or repressed in our experimental conditions (wild-type cells 
growing in rich media). Plotting myc and HA levels of promoter 
nucleosomes as a function of the associated plasticity, we observed 
a plasticity-correlated replacement signature for both the active 
and repressed genes (Fig. 5a and Extended Data Fig. 5c,d). Of 
note, this signature was specific to the H3-H4 (but not H2A-H2B) 
subcomplex.

To further test the association of rapid H3 replacement with 
repressed promoters18, we considered histone promoters, six of 
which showed top-scoring H3 exchange signals (Fig. 1d). These six 
high-exchange histones correspond to the three histone loci (out of 
four) repressed by the HIR (Hir1,2,3 and Hpc2) and Asf1 histone 
chaperones, which bind to a negative regulatory element located 
at the position where rapid exchange is observed43–46. Kassem et al. 
recently reported repression-associated H3 promoter exchange40. 
Consistently, deleting Asf1, Hir1 and Hir2 led to a strong decrease 
in the myc signal specifically at the promoters of the regulated his-
tone genes (Fig. 5b,c and Extended Data Fig. 5e–g).

Discussion
Our data revealed different patterns of replacement for the two his-
tone subcomplexes: rapid H2A-H2B replacement occurs primar-
ily in gene bodies and is driven by transcription, whereas H3-H4 
replacement occurs in promoters of regulated genes and is associ-
ated more strongly with gene regulation than with active expression 
(Fig. 6). Our quantitative estimates of absolute H3-H4 replace-
ment suggest that replication-independent exchange is infrequent, 
amounting to only ~300 events per minute and affecting only ~10% 
of nucleosomes, on par with previous bulk-level studies47. We and 
others30 estimate H2A-H2B exchange in vivo to be substatially more 
rapid, with the majority of nucleosomes subject to appreciable 
replication-independent exchange.

The limited replacement signal of H2A-H2B that we observed in 
gene promoters contrasts with the substantial exchange of H3-H4 
in these same nucleosomes. This finding was unexpected as it is 
commonly assumed that H2A-H2B can exchange independently  

NatuRe BiotechNoloGY | www.nature.com/naturebiotechnology

http://www.nature.com/naturebiotechnology


ArticlesNATurE BIOTECHNOlOGy

a

c

b

d

Promoter Body Promoter Body

HA-myc
H2A

HA-myc
H3

HA-myc
H2A

HA-myc
H3

–500 Msn2 binding site (46) 500 –500 Yap1 binding site (56) 500

Msn2 Yap1
0
3
8

18
23
28
33
38
43
48
53
58
63
68

0
3
8

18
23
28
33
38
43
48
53
58
63
68

H
A

M
in

ut
es

 in
 H

2O
2

m
yc

 M
in

ut
es

 in
 H

2O
2

Promoter Gene body Promoter Gene body

0

1

2

3

4

5

8

12

16

20

24

HA-myc
H3 Median

intensity
Median
intensity

–500 Yap1 site (9) 500 –500 Reb1 site (39) 500
0

2

4

6

8

10

15

20

25

m
yc

 

0
3
8

18
23
28
33
38
43
48
53
58
63
68

0
3
8

18
23
28
33
38
43
48
53
58
63
68

H
A

 

Minutes in H2O2 oxidative stresst = 0

8′ 13′ 68′3 min

Repressed–1

–2

0

–0.1
0
0.1

–0.2
0
0.2

–0.1
0
0.1

–0.4
–0.2
0
0.2

Repressed genes (min)

Δ log intensity

0

1

2

Induced

R
N

A
Δ

 (
lo

g 2
)

m
yc

(Δ
 lo

g 
in

te
ns

ity
)

H
A

(Δ
 lo

g 
in

te
ns

ity
)

0 3 8 13 18 23 28 33 38 43 48 53 58 63 68 0 3 8 13 18 23 28 33 38 43 48 53 58 63 68

0 3 8 13 18 23 28 33 38 43 48 53 58 63 680 3 8 13 18 23 28 33 38 43 48 53 58 63 68

Induced genes (min)

G
en

e 
bo

dy

Fold-change RNA in H2O2 (log2) Fold-change RNA in H2O2 (log2)

F
ol

d-
ch

an
ge

 e
xc

ha
ng

e
 in

 H
2O

2 
(lo

g)

–2 –1 0 1 2 –2 –1 0 1 2

mycHA

myc

HA

HA-myc
H2A

HA-myc
H3

–0.2

–0.15

–0.1

–0.05

0

0.05

0.1

0.15

–0.3

–0.2

–0.1

0

0.1

0.2

0.3

Gene body

Yap1 Reb1

Fig. 4 | Nucleosome subcomplex dynamics during transcriptional reprogramming. a, Exponentially growing H2A and H3 reporter strains were exposed to 
0.3 mM H2O2 and sampled every 5 min. Median mRNA changes from ref. 50 were used to determine stress-induced and -repressed genes. Corresponding 
median myc and HA fold changes (in log) for gene body (+2) nucleosomes in the induced (left, n = 179) or repressed (n = 281) gene clusters are shown.  
b, Median fold change of myc and HA levels (log) of gene body nucleosomes (+2, n = 4,691) for H2A and H3 reporters as a function of expression 
fold change during stress (log2). Shaded area is standard error. c, Median H3 reporter intensities around in vivo Msn2 and Yap1 binding sites at target 
promoters (see also Extended Data Fig. 4d). Number of target genes for each TF indicated in brackets. d, As in panel c but for bound Yap1 targets that do 
not induce or repress expression as defined in Extended Data Fig. 4d (left) and around the Reb1 TF binding site not involved in the stress response (right).

NatuRe BiotechNoloGY | www.nature.com/naturebiotechnology

http://www.nature.com/naturebiotechnology


Articles NATurE BIOTECHNOlOGy

of H3-H4, but that exchange of H3-H4 necessarily implies 
exchange of the associated H2A-H2B. One possible explanation 
is a limited resolution of our H2A-H2B data. However, we expect 
the fast sub-minute resolution of our sensor to be independent of 
the exact geometry within the nucleosome. Indeed, we obtained 
largely the same exchange profiles for three independent sensor 
strains in which we changed the fusion partners of both the sen-
sor and the TEV tags. An alternative explanation is that of data 
normalization: H2A-H2B exchange in gene promoters could be (at 
least) as high as that of H3-H4 but obscured by the considerably 
higher exchange in gene bodies. Quantitatively, when considering  
the estimated H3 exchange rate outside replication (4 min−1 

H3 exchange at histone promoters), this assumption implies 
a replication-independent exchange rate of at least ~11,000 
H2A-H2B dimers per minute (Supplementary Note). This rate is 
about three-fold higher than during replication and further sug-
gests that the median nucleosome is exchanged every ~2 min, a 
rate that is about 5–10 times higher than the estimated median 
transcription rate. By comparison, if we assume that H2A-H2B 
are replaced during each transcription event, this would reduce 
the estimated H2A-H2B exchange to only ~2,800 events per min-
ute. We, therefore, favor the possibility that, in certain positions, 
H3-H4 can be replaced without an associated replacement of the 
H2A-H2B dimers. Such retention could be provided, for example, 
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by chaperones simultaneously binding to multiple histone sub-
units. Although such a mechanism has not yet been described, 
previous studies of individual promoters did point at cases of 
H3-only exchange48,49.

Our sensor for measuring histone exchange complements exist-
ing pulse-labeling approaches. It offers several benefits, including 
the ability to follow histone exchange rates during dynamic pro-
cesses, such as transcriptional reprogramming or temporal deple-
tion of histone chaperones. In the context of whole organisms, the 
sensor might facilitate the mapping of histone exchange within tis-
sues, as it requires only a single sample, with no need for temporal 
perturbations or sampling. Because histones and nucleosomes are 
extremely conserved, tagging histones in higher eukaryotic cells 
could follow the same paradigm described here. The multiplicity of 
histone-coding genes in higher eukaryotes could complicate imple-
mentation of the sensor but could also provide a benefit by reducing 
the risk of phenotypic effects. Further studies are required to experi-
mentally test these implementations.
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Methods
Yeast strain construction. All strains were generated from BY4741 using standard 
yeast transformation52. TEV protease was fused to a histone subunit of choice and 
the ‘3xHA-TEVcleavageSite-8xmyc’ sensor to a complementary histone subunit 
using seamless CRISPR–Cas9, as detailed below (sequences are provided). As 
wild-type TEV protease undergoes strong autolysis, a variant containing an 
S219P mutation was used to increase its stability20. 2×(GGSG) linkers were added 
between the C-terminus of each modified histone subunit and its fusion. Note 
that the 5′ and 3′ untranslated regions (UTRs) in these modified loci remain 
untouched, such that the fusion is under the control of the native promoter and 
terminator. All other histone genes remain wild type.

For CRISPR–Cas9 editing, a PCR-amplified repair template harboring the 
desired modification flaked by 50-bp homology was co-transformed alongside 
bRA89 plasmid bearing Cas9 and the locus-specific 20-bp gRNA (from 
James Haber, Addgene plasmid no. 100950; http://n2t.net/addgene:100950; 
RRID:Addgene_100950). The repair product for the TEV enzyme fusion was 
generated using pRK792 as a template (from David Waugh, Addgene plasmid 
no. 8830; http://n2t.net/addgene:8830; RRID:Addgene_8830), with 2×(GGSG) 
linker nested in the PCR forward primer. The repair templates for fusing 
‘3xHA-TEVcleavageSite-8xmyc’ were PCR amplified using synthetic gBlocks 
Gene Fragments (IDT) as templates. Separate gBlocks were used for the fast 
(TENLYFQSGTRRW, cleavage occurs after the underlined residue), slow 
(TENLYFHSGTRRW, with a point mutation that specifically reduces kcat by ~ 
30-fold) and NC (TGGSGGGSGTRRW that substitutes the core TEV cleavage site 
with GGS, retaining the same length)20. Repair fragments contained silent point 
mutations in the gRNA target site as indicated in sequences below, except when 
repair integration was within the gRNA target sequence.

Bar1 was deleted using a repair oligo that removes the entire BAR1 open 
reading frame. All other gene modifications (deletion, DAmP, overexpression with 
TEF1 promoter) generated on top of the histone exchange strains were carried out 
using plasmids from Janke et al.53. RNA-destabilizing DAmP strains (on essential 
genes assayed) were achieved by inserting the pTEF-natNT2-tADH1, amplified 
from the pFA6a–natNT2 plasmid, directly after the stop codon as in ref. 54.

Growth conditions. All experiments were carried out in YPD media. Yeast was 
thawed onto YPD plates from a glycerol stock. After 1 d of growth, serial dilutions 
were inoculated in liquid YPD overnight for an additional >8 generations. 
Dilutions that were exponentially growing the next morning (OD600 0.2–0.8) were 
diluted into larger cultures, grown for an additional >3 generations and harvested 
at OD600 0.4. For each ChIP sample, 50 ml of culture was crosslinked for 5 min at 
room temperature (RT) in 1% formaldehyde (37% stock, Baker, cat. no. 7040.1000), 
quenched by adding 0.125 M freshly prepared glycine (Sigma-Aldrich, G7126) at 
RT for 5 min, washed twice in 50 ml of ice-cold water, pelleted and snap frozen in 
liquid nitrogen.

H2O2 (Bio-Lab, 855032300, 0.3 mM final) was added to exponentially growing 
cultures (OD600 0.4) in stress experiments. α-factor synchronization was achieved 
by incubating log-phase (OD600 0.2) bar1 cells with a final concentration of 5 ng/
ml of α-factor (GenScript RP01002) for at least 3 h, and shmooing was visually 
confirmed.

Sequences of all histone fusion combinations. The entire gene fusion along 
with 200 bp upstream and downstream (in the 5′ and 3′ UTRs, respectively) are 
included in the sequence. All fusions were verified by Sanger sequencing. Point 
mutations inserted in the repair fragments for rescuing Cas9 cleavage are indicated 
in capitals. The mutations are silent unless indicated.

For the NC variant, replace underlined sequence with 
‘actggtggttctggtggtggttctggtactagaagatgg’.

For the slow cleavage variant, replace underlined sequence with 
‘actgaaaacttgtacttccactctggtactagaagatgg’.

Corresponding wild-type strain numbers are provided in parentheses (see 
Supplementary Table 1 for more details).

H2B-TEV + H3-HA-TEVcleavageSite-myc. (Fast: YGY506, YGY507, YGY663, 
YGY664; Slow: YGY508, YGY509; NC: YGY510, YGY511).

HTB2-TEV. ataaggttttggatcagtaaccgttatttgagcataacacaggtttttaaatatattattatatatcatg 
gtatatgtgtaaaatttttttgctgactggttttgtttatttatttagctttttaaaaattttactttcttcttgttaatttttt 
ctgattgctctatactcaaaccaacaacaacttactctacaactaatgtcctctgccgccgaaaagaaaccagcttc 
caaagctccagctgaaaagaagccagctgccaagaaaacatcaacctccgtcgatggtaagaagagatctaa 
ggttagaaaggagacctattcctcttatatttacaaagttttgaagcaaactcacccagacactggtatttcccagaa 
gtctatgtctat tt tg aa ct ct tt cg tt aa cg at atctttgaaaga at tg ct ac tg aa gc tt ct aa at tg gc cg ct ta ta ac aa-
ga aa tc ca ct at tt ct gc ta ga ga aa tc ca aa ca gc cg tt ag at tg at ct ta cc tg gt ga at tggctaaac 
atgccgtctccgaaggtactagggctgttaccaaatactcctc At ct ac tc aa gc cg ga gg ta gtggaggggga 
tc ag ga aa aa gc tt gt tt aa gg gg cc gc gt ga tt ac aa cc cg at at cg ag ca cc at tt gt ca tt tg ac ga at ga at ct ga-
tg gg ca ca ca ac at cg tt gt at ggtattggatttggtcccttcatcattacaaacaagcacttgtttaga 
agaaataatggaacactgttggtccaatcactacatggtgtattcaaggtcaagaacaccacgactttgcaa 
caacacctcattgatgggagggacatgataattattcgcatgcctaaggatttcccaccatttcctcaaaagct 
gaaatttagagagccacaaagggaagag  c g  ca  t a  tg  t c  tt  g t  ga  c a  ac  c a  ac  t t  cc  a a  ac  t a  ag  a g  ca  t g  
 tc  t a  gc  a t  gg  t g  tc  a g  ac  a c  ta  g t  tg  c a  ca  t t  cc  c t  tc  a t  ct  g a  tg  g c at at tc tg ga agcattggattc 

aaaccaaggatgggcagtgtggcagtccattagtatcaac ta ga ga tg gg tt ca tt gt tg gt atacactcagc 
atcgaatttcaccaacacaaacaattatttcacaagcgtgccgaaaaacttcatggaattgttgacaa 
atcaggaggcgcagcagtgggttagtggttggcgattaaatgctgactcagtattgtgggggggccataa 
agttttcatgccgaaacctgaagagccttttcagccagttaaggaagcgactcaactcatgaattaagtcactc 
actaggtattgtgatttagtcatgttttctttttattagtggcattttttatatattgtaacattagggttctgtta 
cttgtccagatatgattggaagggtctagtctatcagcctccgaagggagttgtataaatgtatatatataactttata 
aacaaaaaaaattgggaaagatattttgcaaacagtt

HHT1-HA-TEVcleavageSite-myc. tatctctccttgacttttagcgtggaagataacgaaatgcccg 
ggcgatttttctttttggtaccctccacggctccttgttgaaatacatatataaaagactgtgtattcttcgggatacatctctt 
tcctcaaccttttatattctttctttctagttaataagaaaaacatctaacataaatatataaacgcaaacaatggcc 
agaacaaagcaaacagcaagaaagtccactggtggtaaggccccaagaaagcaattagcttctaagg 
ctgccagaaaatccgccccatctaccggtggtgttaagaagcctcacagatataagccaggtactgttgctttga 
gagaaatcagaagattccaaaaatctactgaactgttgatcagaaagttgcctttccaaagattggtcagag 
aaatcgctcaagatttcaagaccgacttgagatttcaatcttctgccatcggtgccttgcaagaatctgtcgaagcctac 
ttagtctctttatttgaagataccaacttggctgccattcacgccaagcgtgtcactatccaaaagaaggatat 
caaaAttggcCagaagaCtaagagCtgaaagatcaggaggtagtggcgggggaagtggatatccttatg 
atgtgcctgactacgctgggtatccttacgacgttccggattacgccggctcctacccgtatgacgtcccggactatgc 
tactgaaaatctttatttccagtcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaagacc 
taaacggggaacaaaagcttataagcgaggaagatttaaatggagagcagaagcttatcagcgaagaa 
gaccttaatggaagctcccgtggggagcaaaagctgatttctgaagaggatttgaatggagagcaaaaact 
gatttccgaagaggacctgaatggggagcaaaaactaatatcagaggaggatctgaacgggtcctcagaacaga 
agttgataagtgaggaagatttaaacggtgaacaaaaattgattagtgaggaggacttgtagtttgttgattgtcat 
cagttttagtaaaaaacgaacaaaaacacaataaaatataaatcaatatatttaggtttactgggttcttta 
acagttgtataatagttattttttattacaaaaatataggttttaataaaaaaaaatagggttctatttgttttacatttatt 
gatttgtttttcctggcgataccctcgaaa

The inserted mutation shown with a plain capital C results in a G133A 
substitution. An additional strain with silent mutations (YGY663 and YGY664, 
shown in boldface capitals) was generated and gave indistinguishable data 
(Extended Data Fig. 1f).

Parallel strains (YGY670 and YGY671) in which the other H3 allele (HHT2) 
was tagged with the Fast sensor. HTB2-TEV. As above.

HHT2-HA-TEVcleavageSite-myc. Acggctatggctcggtgtcaaaacatagtttgcgtgataacag 
cgtgttgtgctctctcgcgttgcttcttgtgaccgcagttgtatataaataatctttttcttgttcttttatataggaccac 
tgttttgtgacttccactttggcccttccaactgttcttccccttttactaaaggatccaagcaaacactccacaa 
tggccagaactaaacaaacagctagaaaatccactggtggtaaagccccaagaaaacaattagcctccaaggctg 
ccagaaaatccgccccatctaccggtggtgttaagaagcctcacagatataagccaggtactgttgccttgagagaa 
attagaagattccaaaaatctactgaactgttgatcagaaagttacctttccaaagattggtcagagaaatcgct 
caagatttcaagaccgacttgagatttcaatcttctgctatcggtgctttgcaagaatccgtcgaagcatacttagtctcttt 
gtttgaagacactaatctggctgctattcacgctaagcgtgttactatccaaaagaaggatatcaaattggcAagaaga 
ctaagaggtgaaagatcaggaggtagtggcgggggaagtggatatccttatgatgtgcctgactacgctgggtat 
ccttacgacgttccggattacgccggctcctacccgtatgacgtcccggactatgctactgaaaatctttatttccag 
tcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaagacctaaacggggaacaaaagctt 
ataagcgaggaagatttaaatggagagcagaagcttatcagcgaagaagaccttaatggaagctcccgtgggg 
agcaaaagctgatttctgaagaggatttgaatggagagcaaaaactgatttccgaagaggacctgaatggggagca 
aaaactaatatcagaggaggatctgaacgggtcctcagaacagaagttgataagtgaggaagatttaaacggtgaa 
caaaaattgattagtgaggaggacttgtgaatataaagcgggaatttttttttttctatgcatttagactggggggacatca 
tacaaacatctccttttttaatacattattcatctatctattcgcaatgcttttaacgacatgaggagggtatatatgctgta 
atttatcgtttacagacataattgcggggctaatttttagatgcttagatagtatacgtaatttt

Strains YGY672 and YGY673. Strains YGY672 and YGY673 have both HHT1 and 
HHT2 alleles tagged with the sensor (with HTB2-TEV).

H2A-TEV + H3-HA-TEVcleavageSite-myc. (Fast: YGY514, YGY515; Slow: 
YGY516, YGY517; NC: YGY518).

HTA2-TEV. ataactctatatataagggatgaagatgtatgctttcttagaatttcaaacatgttccgttaaagt 
tttacttttcgatttcaatttcgactgcatgatgcttttcttaggtagttttttgttattaaatagtatcataaattcttg 
tctttttacataagaattaggaaagtacagaacaagagcaaatttaatatataatgtccggtggtaaaggtggtaaagc 
tggttcagctgctaaagcttctcaatctagatctgctaaagctggtttaacattcccagttggtagagtgcacag 
attgctaagaagaggtaactacgcccagagaattggttctggtgctccagtctatctaactgctgtct 
tagaatatttggctgctgaaattttagaattggctggtaatgctgctagagataacaaaaaaaccagaattattc 
caagacatttacaattggccatcagaaatgatgatgaattgaacaagctattgggtaatgttaccatcgcccaaggtgg 
tgttttgccaaacattcaccaaaacttgttgccaaagaagtctgcAaagactgccaaagcttctcaagaactgg 
gaggtagtggagggggatcaggaaaaagcttgtttaaggggccgcgtgattacaacccgatatcgagcaccat 
ttgtcatttgacgaatgaatctgatgggcacacaacatcgttgtatggtattggatttggtcccttcatcattacaa 
acaagcacttgtttagaagaaataatggaacactgttggtccaatcactacatggtgtattcaaggt 
caagaacaccacgactttgcaacaacacctcattgatgggagggacatgataattattcgcatgcctaaggatt 
tcccaccatttcctcaaaagctgaaatttagagagccacaaagggaagagcgcatatgtcttgtgacaaccaacttc 
caaactaagagcatgtctagcatggtgtcagacactagttgcacattcccttcatctgatggcatattctggaagc 
attggattcaaaccaaggatgggcagtgtggcagtccattagtatcaactagagatgggttcattgttgg 
tatacactcagcatcgaatttcaccaacacaaacaattatttcacaagcgtgccgaaaaacttcatggaatt 
gttgacaaatcaggaggcgcagcagtgggttagtggttggcgattaaatgctgactcagtattgtgggggggc 
cataaagttttcatgccgaaacctgaagagccttttcagccagttaaggaagcgactcaactcatgaattaaga 
actgagttgaaaagaaacaaagcaaatcaaacattcttgtcatttggggttttaaagtaggtcatatgaggaaga 
ctggtatgtcttttatctaacagttttataaatagcgtcgttttattaaagacagtgtatagtattactattaataaaga 
aaataaaaaacgtatcaagtttacggttttacttacggaaatg
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HHT1-HA-TEVcleavageSite-myc. tatctctccttgacttttagcgtggaagataacgaaatgcccgggcgat 
ttttctttttggtaccctccacggctccttgttgaaatacatatataaaagactgtgtattcttcgggatacatctcttt 
cctcaaccttttatattctttctttctagttaataagaaaaacatctaacataaatatataaacgcaaacaatggc 
cagaacaaagcaaacagcaagaaagtccactggtggtaaggccccaagaaagcaattagcttctaaggctgc 
cagaaaatccgccccatctaccggtggtgttaagaagcctcacagatataagccaggtactgttgctttgagaga 
aatcagaagattccaaaaatctactgaactgttgatcagaaagttgcctttccaaagattggtcagagaaatcg 
ctcaagatttcaagaccgacttgagatttcaatcttctgccatcggtgccttgcaagaatctgtcgaagcctactta 
gtctctttatttgaagataccaacttggctgccattcacgccaagcgtgtcactatccaaaagaaggatatcaaattg 
gccagaagactaagagCtgaaagatcaggaggtagtggcg gg gg aa gt gg at at cc tt at ga tg tgcctgactac 
gct gg gt at cc tt ac ga cg tt cc gg at ta cg cc gg ct cc ta cc cg ta tg ac gt cc cg ga ct atgctactga 
aaatctttatttccagtcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaagacctaaacg 
gggaacaaaagcttataagcgaggaagatttaaatggagagcagaagcttatcagcgaagaagaccttaatgga 
agctcccgtggggagcaaaagctgatttctgaagaggatttgaatggagagcaaaaactgatttccgaagag 
gacctgaatggggagcaaaaactaatatcagaggaggatctgaacgggtcctcagaacagaagttgataagtga 
ggaagatttaaacggtgaacaaaaattgattagtgaggaggacttgtagtttgttgattgtcatcagttttagtaaaaaacg 
aacaaaaacacaataaaatataaatcaatatatttaggtttactgggttctttaacagttgtataatagttatttttta 
ttacaaaaatataggttttaataaaaaaaaatagggttctatttgttttacatttattgatttgtttttcct 
ggcgataccctcgaaa

H2B-TEV + H4-HA-TEVcleavageSite-myc. (Fast: YGY635).

HTB2-TEV. As above.

HHF2-HA-TEVcleavageSite-myc. Tgttcactcgcgcctgggctgttgttattcggctagatacat 
acgtgtttgtgcgtatgtagttatatcatatataagtatattaggatgaggcggtgaaagagattttttttttttc 
gcttaatttattcttttctctatcttttttcctacatcttgttcaaaagagtagcaaaaacaacaatcaatacaataa 
aataatgtccggtagaggtaaaggtggtaaaggtctaggaaaaggtggtgccaagcgtcacagaaagattctaaga 
gataacattcaaggtatcactaagccagctatcagaagattagctagaagaggtggtgtcaagcgtatttctggtttg 
atctacgaagaagtcagagccgtcttgaaatccttcttggaatccgtcatcagggactctgttacttacactgaacacgc 
caagagaaagactgttacttctttggatgttgtttatgctttgaagagacaaggtagaaccttatatggtttcggtggtgg 
aggtagtggcgggggaagtggatatccttatgatgtgcctgacta cg ct gg gt at cc tt ac ga cg tt cc gg a 
ttacgccggctcct ac cc gt at ga cg tc cc gg ac ta tg ct a ct ga aa at ct tt at tt cc ag tc ag gt ac gc gt ag gt gg g cc  
ag tggtgaacaaaaactgatatcagaggaagacctaaacggggaacaaaagcttataagcgaggaagatttaaatgga 
gagcagaagcttatcagcgaagaagaccttaatggaagctcccgtggggagcaaaagctgatttctgaagag 
gatttgaatggagagcaaaaactgatttccgaagaggacctgaatggggagcaaaaactaatatcagaggagga 
tctgaacgggtcctcagaacagaagttgataagtgaggaagatttaaacggtgaacaaaaattgattagtgaggagg 
acttgtaaacaatcggtggttaaacaatcggtgtttgaaattattttcatgcctttcaaaaaataaaataacgatcat 
tctattgggaatataatagaaccttatgtatgcatttttcggttttttattatttcatgtactatatatatta 
aaaataagtctcaataaaagaaactagtttccgaactgtcttagatagtcttcccttatgtgctcctccat

Parallel strains (YGY667 and YGY668) in which the other H4 allele (HHF1) was 
tagged with the Fast sensor. HTB2-TEV. As above.

HHF1-HA-TEVcleavageSite-myc. ggtggtaaattgccacccccccttccccattcattgggtaaagac 
caatttgatggataaattggttgtggaaaaggtctaattctttttcctataaataccgagatattttttctatatgatgg 
tttccgtcgcattattgtactctatagtactaaagcaacaaacaaaaacaagcaacaaatataatatagtaaaatatg 
tccggtagaggtaaaggtggtaaaggtctaggtaaaggtggtgccaagcgtcacagaaagattctaagagataaca 
tccaaggtattactaagccagctatcagaagattagctagaagaggtggtgtcaagcgtatttctggtttgatctacgaa 
gaagtcagagctgtcttgaaatccttcttggaatccgtcatcagagactctgttacctacaccgaacacgccaagaga 
aagactgttacttctttggatgttgtttatgctttgaagagacaaggtagaaccttatacggtttcggtggtggaggtag 
tggcgggggaagtggatatccttatgatgtgcctgactacgctgggtatccttacgacgttccggattacgccggc 
tcctacccgtatgacgtcccggactatgctactgaaaatctttatttccagtcaggtacgcgtaggtgggcc 
agtggtgaacaaaaactgatatcagaggaagacctaaacggggaacaaaagcttataagcgaggaagattt 
aaatggagagcagaagcttatcagcgaagaagaccttaatggaagctcccgtggggagcaaaagctgatttctgaa 
gaggatttgaatggagagcaaaaactgatttccgaagaggacctgaatggggagcaaaaactaatatcagaggagg 
atctgaacgggtcctcagaacagaagttgataagtgaggaagatttaaacggtgaacaaaaattgattagtgaggagga 
cttgtaatttagctaattctaagaaaacAgtaacaacaagcaaatatttAggattcgtattcaactgcccggtttttcttc 
tacaaatatgagtgtattatagcgggtttaggagaaatatgtacaattataaacatataaagggtatttaatttaattttaatt 
gggtttaaacagtttgattatttctgctacttaccgaacttg

H3-TEV + H2A-HA-TEVcleavageSite-myc. (Fast: YGY554, YGY555; NC: 
YGY556, YGY557).

HHT1-TEV. tatctctccttgacttttagcgtggaagataacgaaatgcccgggcgatttttctttttggtaccct 
ccacggctccttgttgaaatacatatataaaagactgtgtattcttcgggatacatctctttcctcaaccttttat 
attctttctttctagttaataagaaaaacatctaacataaatatataaacgcaaacaatggccagaacaaagcaaac 
agcaagaaagtccactggtggtaaggccccaagaaagcaattagcttctaaggctgccagaaaatccgccc 
catctaccggtggtgttaagaagcctcacagatataagccaggtactgttgctttgagagaaatcagaag 
attccaaaaatctactgaactgttgatcagaaagttgcctttccaaagattggtcagagaaatcgctcaag 
atttcaagaccgacttgagatttcaatcttctgccatcggtgccttgcaagaatctgtcgaagcctacttagtctcttt 
atttgaagataccaacttggctgccattcacgccaagcgtgtcactatccaaaagaaggatatcaagttggct 
agaagattaagagCtgaaagatcaggaggtagtggagggggatcaggaaaaagcttgtttaaggggccgcgt 
gattacaacccgatatcgagcaccatttgtcatttgacgaatgaatctgatgggcacacaacatcgttgt 
atggtattggatttggtcccttcatcattacaaacaagcacttgtttagaagaaataatggaacactgttggtccaatca 
ctacatggtgtattcaaggtcaagaacaccacgactttgcaacaacacctcattgatgggagggacatgataattat 
tcgcatgcctaaggatttcccaccatttcctcaaaagctgaaatttagagagccacaaagggaagagcgcatatgtct 
tgtgacaaccaacttccaaactaagagcatgtctagcatggtgtcagacactagttgcacattcccttcatctgatgg 
catattctggaagcattggattcaaaccaaggatgggcagtgtggcagtccattagtatcaactagagatgggttca 
ttgttggtatacactcagcatcgaatttcaccaacacaaacaattatttcacaagcgtgccgaaaaacttcatgg 

aattgttgacaaatcaggaggcgcagcagtgggttagtggttggcgattaaatgctgactcagtattgtgggggg 
gccataaagttttcatgccgaaacctgaagagccttttcagccagttaaggaagcgactcaactcatgaat 
tagtttgttgattgtcatcagttttagtaaaaaacgaacaaaaacacaataaaatataaatcaatatatttaggt 
ttactgggttctttaacagttgtataatagttattttttattacaaaaatataggttttaataaaaaaaaatagggt 
tctatttgttttacatttattgatttgtttttcctggcgataccctcgaaa

HTA2-HA-TEVcleavageSite-myc. ataactctatatataagggatgaagatgtatgctttcttagaatttc 
aaacatgttccgttaaagttttacttttcgatttcaatttcgactgcatgatgcttttcttaggtagttttttgt 
tattaaatagtatcataaattcttgtctttttacataagaattaggaaagtacagaacaagagcaaatttaatatataatgt 
ccggtggtaaaggtggtaaagctggttcagctgctaaagcttctcaatctagatctgctaaagctggtttaa 
cattcccagttggtagagtgcacagattgctaagaagaggtaactacgcccagagaattggttctggtg 
ctccagtctatctaactgctgtcttagaatatttggctgctgaaattttagaattggctggtaatgctgctagagata 
acaaaaaaaccagaattattccaagacatttacaattggccatcagaaatgatgatgaattgaacaagc 
tattgggtaatgttaccatcgcccaaggtggtgttttgccaaacattcaccaaaacttgttgccaaagaagtctgc 
Aaagactgccaaagcttctcaagaactgggaggtagtggcgggggaagtggatatccttatgatgtg 
cctgactacgctgggtatccttacgacgttccggattacgccggctcctacccgtatgacgtcccggac 
tatgctactgaaaatctttatttccagtcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaa 
gacctaaacggggaacaaaagcttataagcgaggaagatttaaatggagagcagaagcttatcagcgaagaagacct 
taatggaagctcccgtggggagcaaaagctgatttctgaagaggatttgaatggagagcaaaaactgattt 
ccgaagaggacctgaatggggagcaaaaactaatatcagaggaggatctgaacgggtcctcagaaca 
gaagttgataagtgaggaagatttaaacggtgaacaaaaattgattagtgaggaggacttgtaagaact 
gagttgaaaagaaacaaagcaaatcaaacattcttgtcatttggggttttaaagtaggtcatatgag 
gaagactggtatgtcttttatctaacagttttataaatagcgtcgttttattaaagacagtgtatagtatta 
ctattaataaagaaaataaaaaacgtatcaagtttacggttttacttacggaaatg

H3-TEV + H2B-HA-TEVcleavageSite-myc. (Fast: YGY639; NC: YGY640).

HHT1-TEV. As above.

HTB2-HA-TEVcleavageSite-myc. ataaggttttggatcagtaaccgttatttgagcataac 
acaggtttttaaatatattattatatatcatggtatatgtgtaaaatttttttgctgactggttttgtttattta 
tttagctttttaaaaattttactttcttcttgttaattttttctgattgctctatactcaaaccaacaacaactta 
ctctacaactaatgtcctctgccgccgaaaagaaaccagcttccaaagctccagctgaaaagaagccagct 
gccaagaaaacatcaacctccgtcgatggtaagaagagatctaaggttagaaaggagacctattcctct 
tatatttacaaagttttgaagcaaactcacccagacactggtatttcccagaagtctatgtctat tt tg aa ct ct tt cg 
 tt aa cg atatctttgaaag aa tt gc ta ct ga ag ct tc ta aa tt gg cc gc tt at aa ca ag aa at cc ac ta tt tc tg ct a 
g ag aa at cc aa ac ag cc gt ta ga tt ga tc tt ac ct gg tg aattggctaaacatgccgtctccgaaggtactagg 
gctgttaccaaatactc ct cA tc ta ct ca ag cc gg ag gtagtggcggg gg aa gt gg at at cc tt at ga tg tg cc tg ac ta-
cg ct gg gt at cc tt ac ga cg tt cc gg at ta cg cc gg ct cc ta cc cg ta tgacgtcccggactatgctactgaaaatcttta 
tttccagtcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaag 
acctaaacggggaacaaaagcttataagcgaggaagatttaaatggagagcagaagcttatcagcg 
aagaagaccttaatggaagctcccgtgg  g g  ag  c a  aa  a g  ct  g a  tt  t c  tg  a a  ga  g g  at  t t  ga  a t  gg  a g  ag  c a  aa  a a  ct  g a -
tt  t c  cg  a a  ga  g g  ac  c t  ga  a t  gg  g g  ag  c a  aa  a a  ct  a a  ta tc ag ag ga gg atctgaacgggtcctcaga 
acagaagttgataagtgaggaagatttaaac gg tg aa ca aa aa tt ga tt agtgaggaggacttgtaagtcac 
tcactaggtattgtgatttagtcatgttttctttttattagtggcattttttatatattgtaacattagggt 
tctgttacttgtccagatatgattggaagggtctagtctatcagcctccgaagggagttgtataaatgtat 
atatataactttataaacaaaaaaaattgggaaagatattttgcaaacagtt

H2B-TEV + H2B-HA-TEVcleavageSite-myc. (Fast: YGY680, YGY681).

HTB2-TEV. As above.

HTB1-HA-TEVcleavageSite-myc. ctaccttggttggttatcttgtaacgattggtaagaaagg 
ggcatctctgttttcttgatgtatataaacaacatgatttgatcatctcagatggtcagatttattaaag 
acgtttctctttccgcattttcgattattgttatattaaatttatcctatatagacaagtcaaaccacaaataa 
accatacacacatacaatgtctgctaaagccgaaaagaaaccagcctccaaagccccagctgaaaagaaacc 
agccgctaaaaagacttccacttccactgatggtaagaagagaagcaaggctagaaaggaaacatac 
tcttcttacatttacaaagttttgaagcaaactcaccctgacactggtatttcccaaaagtccatgtctatcttgaact 
ctttcgttaacgatatctttgaaagaatcgctactgaagcttctaaattggctgcgtataacaagaagtctactatc 
tctgctagagaaattcaaaccgctgttagattgatcttaccaggtgaattggctaagcatgctgtctctgaaggta 
ctagagctgttaccaagtactcttcctctactcaagcaggaggtagtggcgggggaagtggatatccttatgatgtg 
cctgactacgctgggtatccttacgacgttccggattacgccggctcctacccgtatgacgtcccggactatgctactga 
aaatctttatttccagtcaggtacgcgtaggtgggccagtggtgaacaaaaactgatatcagaggaagacctaaa 
cggggaacaaaagcttataagcgaggaagatttaaatggagagcagaagcttatcagcgaagaagaccttaatggaa 
gctcccgtggggagcaaaagctgatttctgaagaggatttgaatggagagcaaaaactgatttccgaagagga 
cctgaatggggagcaaaaactaatatcagaggaggatctgaacgggtcctcagaacagaagttgataagtgagga 
agatttaaacggtgaacaaaaattgattagtgaggaggacttgtaatgaaatcacttcctttggttataattaatat 
tattatttatatgggtatataaaaattaaagtaaagtaaaaaaaattgtataatagtttaataattttaatgattata 
agatatttactcggttgtaaaattgtgttctcgaaattacaaatggtctcatagagggaatgcgcttatgcggcaaggca 
gtttacttgta

ChIP-seq. ChIP was carried out as detailed in ref. 55, with the following 
modifications. Cell pellets (each from 50 ml of cultures at OD600 0.4, 20 ODs total) 
were thawed on ice and washed in 10 ml of 1 M sorbitol. After complete liquid 
removal, pellets were resuspended in 600 µl of RIPA buffer (10 mM Tris pH 8.0, 
140 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton 
X-100, EDTA-free protease inhibitor cocktail) and transferred to chilled LoBind 
Eppendorf microcentrifuge tubes containing ~500 ul of 0.5-mm zirconium oxide 
beads (Next Advance, ZrOB05). Cells were processed for three cycles in a Bullet 
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Blender 24 (Next Advance) at level 8 for 1 min, with 1 min on ice between cycles. 
Debris and lysate were transferred by piercing a hole in the bottom of the tube, 
placing a clean chilled tube under and centrifuging at 600g for 5 s at 4 °C. The 
upper tube with the zirconium beads was discarded, and the lysate was hard spun 
at 17,000g for 10 min at 4 °C. The supernatant containing cleaved solubilized 
8×myc tags was discarded, and the pellet was thoroughly resuspended in 100 µl 
of NP buffer (10 mM Tris pH 7.4, 1 M sorbitol, 50 mM NaCl, 5 mM MgCl2, 1 mM 
CaCl2 and 0.075% NP-40, freshly supplemented with 1 mM β-mercaptoethanol, 
500 μM spermidine and EDTA-free protease inhibitor cocktail) and warmed to 37 
°C in a heat block for 5 min. Then, 100 µl of NP buffer supplemented with 40 units 
of micrococcal nuclease (Worthington MNase, LS004798) was added, and samples 
were incubated for 20 min at 37 °C. The MNase reaction was stopped by adding 
200 µl of ice-cold stop buffer (220 mM NaCl, 0.2% SDS, 0.2% sodium deoxycholate, 
10 mM EDTA, 2%,Triton X-100, EDTA-free protease inhibitor cocktail.), vortexing 
and placing on ice. After a 30-min ice incubation, the MNAse-treated lysates 
were centrifuged at 17,000g for 10 min at 4 °C. Of the 400 µl of supernatant, 140 
µl was transferred into two separate wells of a 96-well LoBind Eppendorf plate. 
Anti-HA (12CA5, 10 µl of hybridoma supernatant containing ~5 µg of antibody) 
was added to one of the wells, and anti-myc (9E10, 10 µl containing ~5 µg of 
antibody) was added to the other. Both antibody stocks were the supernatant of 
the respective hybridoma cell cultures grown in miniPERM bioreactors in-house 
by the Weizmann Institute Core Facility Antibody Unit. All subsequent steps were 
performed as described in ref. 55. Five micrograms of purified Abcam antibodies 
were used for the specific histone modifications assayed: H3K9ac, ab4441; 
H3K4me3, ab1012; and H3K79me3, ab2621.

Indexed DNA libraries were pooled and pair-end sequenced (read1, 50 bp; 
read2, 25/50 bp, index1 (i7), 8 bp; and index2 (i5), 8 bp) on Illumina NextSeq 
500/550 or NovaSeq 6000. Approximately 5 million raw reads were obtained 
per ChIP sample (for each HA and myc ChIPs), resulting in ~3 million aligned 
genomic reads.

The number of analyzed repeats for each strain is indicated in Extended Data 
Fig. 1f. At least two biological repeats were processed, defined as samples taken 
from different cultures inoculated from independent colonies (almost always 
different clones obtained from the transformation). High correlations between 
individual samples within a strain (above ~0.95 for myc and >0.8 for HA) were 
observed. Nine samples (out of a total of 334) showing low internal correlations 
with their counterparts were excluded from further analysis. The number of 
repeats for mutant strains in the H2A/H3 sensor strains, respectively, are OE-Spt6 
n = 3/3, spt16DAmP n = 2/3, spt6DAmP 2/3, asf1 n = 2/7, hir1 n = 2/3, hir2 n = 0/3 
and htz1 n = 4/8. For stress experiments, one time course was performed with the 
multiple time points serving as technical repeats for quality control.

ChIP–qPCR. ChIP–qPCR was carried out exactly as in ChIP-seq above, with 
the exception that the multiplexing steps (end repair, A base addition, adapter 
ligation and library enrichment) were omitted. For ChIP–qPCR, the washed 
immunoprecipitated samples were directly resuspended in chromatin elution 
buffer (10 mM Tris pH 8.0, 5 mM EDTA, 300 mM NaCl, 0.6% SDS). RNAse, 
proteinase K and de-crosslinking treatments were then carried out as in ChIP-seq. 
De-crosslinked samples were 2× SPRI cleaned and resuspended in 150 ul of 10 mM 
Tris pH 8.

As we compared HA and myc levels from the same sample, it was 
crucial to ensure that neither HA nor myc antibodies were limiting in the 
immunoprecipitation. For this, every sample was immunoprecipitated in four 
4-fold dilutions of the MNAse-treated lysate, with constant antibody amounts  
(10 µl as in ChIP-seq above). For the less abundant myc samples, undiluted (1), 1:4, 
1:16 and 1:64 were included, and, for high abundance HA and NC myc samples, 
1:64, 1:256, 1:1,024 and 1:4,096 dilutions of lysates were immunoprecipitated.  
An NC variant was always included in parallel to normalize for antibody  
efficiency.

Duplicate qPCR reactions were performed in 10-µl volumes: 5 µl of Fast SYBR 
Green Master Mix (Applied Biosystems, 4385612), 4 µl of ChIP sample and 1 µl 
of 10uM forward + reverse oligo mix. qPCRs were run on Applied Biosystems 
StepOnePlus Real-Time PCR system. Oligos were designed to amplify the center 
of the sequence analyzed with respect to its nucleosome position. High oligo 
efficiency (near 2) and the dynamic range of DNA input giving linear results were 
tested on serial dilutions of MNAse-treated whole cell extract.

HHF1 For TCCACAACCAATTTATCCATCA
HHF1 Rev ACCGAAGTTGTTTACTTTAGCA
HTA1 For AACCATAGTTAACGACCCAACC
HTA1 Rev ACACTCCATTCCAATAGCTTCG
HTB2 For CCAGCTTCCAAAGCTCCA
HTB2 Rev GTCTCCTTTCTAACCTTAGATCTCTTC
HYP2 For CAATGTCTGACGAAGAACATACC
HYP2 Rev CTACTCTTGATGACAACGAAACC

AUS1 For CCAGGTCCTCTGCAAGAAAT
AUS1 Rev GCTAGACGAGGAAGACGAAAC
KOG1 For TGTTTAGTCCCTGTCGCAATTA
KOG1 Rev CGTAACTTCTCAGTACGGTTCG
RPL3 For CCATTGTCAGAGATTTGGACAGA

RPL3 Rev AACAACGACAACTGGTGGAG

ChIP–qPCR analysis. First, a line was fit (robustfit in MATLAB) to the cycle 
threshold (Ct) value of technical qPCR repeats (n = 2) and the four ChIP dilutions 
for myc or HA samples per target, to estimate ChIP and qPCR efficiency (100% 
efficacy corresponding to two more cycles per 1:4 dilution step). For efficient 
targets (90–110%), the line was used to correct the Ct measurement at the common 
dilution step (1:64) if necessary. The ΔCt was calculated only for sample–target 
combinations with efficient myc and HA ChIP–qPCRs and corresponds to 
the absolute ratio between myc/HA ChIP. To account for observed technical 
differences between the myc and HA ChIP antibody efficiency, we next subtracted 
the corresponding ΔCt values of parallel control ChIPs performed on NC myc-HA 
sensors from the ΔCt values. These ΔΔCt values correspond to the myc/HA ratios 
presented.

Growth rate calculations for strains used. Strains were grown in biological 
duplicates to saturation overnight in YPD flat-bottom 96-well plates with 
breathable covers. Saturated cultures were diluted to ~OD600 0.01 in four technical 
repeats. The plates were incubated under constant shaking at 30 °C, and an 
automated liquid handling robot (EVOware, Tecan) transferred them every 30 min 
to a 30-s vortex followed by an OD600 measurement (Infinite 200 reader, Tecan). 
Experiments lasted for ~24 h until reaching stationary phase.

Data for the eight repeats of each strain from the growth measurements were 
parsed and processed. Linear fits were calculated over six measurements (3 h), and 
the fit with the maximal slope from each growth curve was extracted and used to 
calculate the doubling times (60 min/max slope). The standard deviation of the 
four technical repeats is shown for each of the biological repeats.

Western blot analysis. Western blot analysis was carried out as in ref. 56. The same 
antibodies as those used in ChIP were diluted 1:1,000.

RNA sequencing analysis. H2O2 time courses (Fig. 3). log2-transformed, 
normalized expression data from ref. 50 were analyzed as follows. First, dynamic 
genes were determined by comparing standard deviation across the time course 
with the median expression level of each gene and selecting genes that have a 
relatively high standard deviation for their expression level. Next, the dynamic 
genes were clustered (k-means) into repressed and induced genes based on their 
relative expression dynamics compared to the median expression level during 
the time course. For each gene, the relative change at each time point was then 
calculated as the relative change between its expression level and the pre-treatment 
level in log2. Only those dynamic genes whose relative expression change between 
27 min and 33 min after treatment (peak expression) was >1 (for induced genes) or 
<−1 (for repressed genes) were considered as induced genes or repressed genes for 
further analysis.

ChIP-seq data processing. After demultiplexing, paired-end reads (read1 51 bp, 
read2 25 bp with NextSeq or 51 bp with NovaSeq) were aligned to Saccharomyces 
cerevisiae genome (R64-1-1) using bowtie2 with the following parameters: ‘-p8 
--local --very-sensitive’. Aligned reads with sizes 100–170 bases were then selected 
and used to calculate the genome coverage using bedtools57 with the ‘-pc’ option. 
Coverage files were imported into MATLAB and normalized to a total coverage of 
108 across the entire nuclear genome without the ribosomal locus. Approximately 3 
million aligned genomic reads were obtained per ChIP sample (either HA or myc).

ChIP-seq data analysis (nucleosomes). Nucleosome positions (−2 to +3) were 
assigned to their corresponding genes using a list of 67,213 nucleosome positions 
reported in a recent chemical mapping dataset58 and complemented with the 
nucleosome positions of a recent MNAse ChIP-seq dataset21 and our HA profiles. 
A compendium of high-confidence TSSs was built by combining four publicly 
available TSS datasets59 and assigning the TSS that overlapped in at least two of the 
datasets to 4,797 genes.

Next, the nucleosomes in gene bodies (that is, downstream of the TSS) 
were assigned to the respective gene and numbered accordingly (+1 to +n), 
whereas nucleosomes outside of gene bodies were assigned to the closest TSS and 
numbered accordingly (−3 to −1). Nucleosomes within gene bodies that were also 
the −2 or −1 nucleosome of a downstream gene were annotated as −2 and −1 
nucleosomes of the downstream gene. Nucleosome occupancy was then calculated 
as the mean occupancy around its genomic position (±50 bp) in every sample 
and the mean occupancy of each nucleosome across all biological repeats used for 
further analysis. The exchange at nucleosome i was calculated as log(myci +1)  
− log(hai +1).
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When comparing the histone exchange with external microarray datasets 
with genomic regions17, the exchange of a nucleosome was only compared to the 
exchange at the closest genomic region in the microarray dataset and vice versa. 
For comparing the histone exchange data to epigenetic mark enrichment from  
ref. 21, the enrichment at each nucleosome was calculated as log(mean occMark +1) / 
log(mean occInput +1) at (±50 bp) around its position.

Comparison of nucleosome coverage against gene expression level or plasticity. 
Expression levels were taken from ref. 60 (log2 of normalized read count). Antisense 
transcription was calculated from published data61 as previously described32. In 
short, for each gene, the level of antisense transcription was calculated as sum of 
antisense reads aligning to the first 300 bases after the TSS. The absolute expression 
plasticity was calculated as the standard deviation of expression change across 
1,411 S. cerevisiae mutants51. A complementary plasticity measure based on the 
SPELL dataset gave very similar results. Only high-confidence high-plasticity genes 
whose mean is greater than 2 standard errors across all mutants were used. These 
were parsed into induced versus repressed genes in the exponential unperturbed 
growth conditions that we assayed according to their mean expression compared to 
all mutants. A gene whose mean expression across all mutants is >0 is a repressed 
gene, and its mRNA is lower in wild-type cells.

For comparing nucleosome HA or myc intensity to the predicted nucleosome 
occupancy62 or AT bias, z-score predictions for at each nucleosome (midpoint) 
were extracted from genome-wide predictions (http://genie.weizmann.ac.il),  
and the fraction of A and T bases around each nucleosome (midpoint ±50 bp)  
was calculated.

For time course data, log intensity change of nucleosome i at time point t was 
calculated as: log (inti,t + 1) − log (inti,0 + 1). For Fig. 3a, the median log change  
in each cluster was smoothened using a Gaussian filter over three time points  
(0.17, 0.66 and 0.17).

Genomic position analysis of ChIP-seq data. Analogous to the nucleosomes, the 
exchange at each base was calculated as log(myc + 1) − log(HA + 1). For Fig. 1h, 
all genes were assigned to six equally sized bins according to their expression level, 
and the mean profile around the TSS for each bin was calculated (see above for 
TSS assignment). ESR genes were assigned as in ref. 63; ribosomal biogenesis was 
assigned according to Gene Ontology annotation; and TATA gene definition was 
taken from ref. 64 (subgroup 1, TATA box in S. cerevisiae). The top 200 cell cycle 
regulated genes were taken CycleBase65 for analysis.

For TF binding site analysis, chromatin endogenous cleavage with sequencing 
(ChEC-seq) data of Yap1 and Msn2 were taken from ref. 66, and target genes were 
assigned based on the total Yap1/Msn2 signal on promoter (<1,000 bp upstream 
from TSS; see Extended Data Fig. 3e for details). For genes with shared promoters, 
only the gene with a higher expression correlation to the other targets was used. 
Next, the TF binding site was defined as the point with the highest signal in the 
immediate environment (±2 bp). The surrounding locus of all these binding sites 
(±500 bp) was then used for visualization. Non-induced target genes were defined as 
genes with a maximal change <60% and correlation <30% with the induced genes.

Numerical model calculations of HA and myc level. Based on the formulas 
presented in Fig. 2a, the steady state myc and HA levels of nucleosomes were 
calculated using MATLAB, with the initial parameters set to: kon = 0.0625 min−1, 
koff = 0.25 min−1, kclv = 1.5 min−1 and f = 1. For each plot in Fig. 2a, the indicated 
parameter(s) were varied over a range from 0.1× to 10× the original parameter(s) 
and myc and HA calculated accordingly. For Extended Data Fig. 2a, myc and HA 
levels for combinations of kon and koff (ranging from 0.1× to 10× the initial value) 
were calculated assuming either the original kclv and f values or those indicated in 
the caption.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All figures were generated from the raw sequencing data accessible at accession 
number GSE157402. Source data are provided with this paper.

code availability
Analysis code is available at https://doi.org/10.5281/zenodo.4746166 and https://
github.com/barkailab/Yaakov2021.
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Extended Data Fig. 1 | Supporting figure for Fig. 1. a, Pearson correlation across all nucleosomes for HA and myc ChIP-seq levels in strains with the HHT1 
allele (median of 17 repeats), the alternate HHT2 H3 allele (3 repeats), or both H3 alleles (4 repeats) tagged with the sensor. b, Left: Pearson correlation 
between histone mark signal intensity on nucleosomes profiled from exponentially growing cells bearing the HHT1 H3 exchange sensor in this study 
(rows) with Weiner et al. (columns 21). Right: Mean histone mark (H3K79-trimethyl, H3K4-trimethyl and H3K9-acetyl) traces around the TSS of all genes 
in the H3 sensor strain. c, Ponceau staining corresponding to Western-blot in Fig. 1b. Three repeats were performed giving similar results. d, Myc and 
HA level of all nucleosomes for the non-cleavable (median of 3 repeats) and the slowly cleaved variant with a point mutation in the 7AA cleavage site (2 
repeats). Rho indicates the Pearson correlation between both intensities. e, Comparison of measured H3 exchange (myc/HA) per nucleosome with an 
additional external dataset 18. f, Quantitative ChIP-qPCR measurements for absolute exchange (log2(myc/HA)) are plotted versus the relative ChIP-seq 
counterparts for alpha factor arrested cells (left) or asynchronously growing cells with both H3 alleles tagged with the sensor (right). Analysis was on 
selected nucleosomes as in Fig. 1f. 2 biological ChIP-qPCR repeats were performed, each consisting of 4 technical ChIP repeats and 2 technical qPCR 
repeats. The mean values with standard of error are shown.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Supporting figure for Fig. 2. a, Comparison between HA occupancy signal of all nucleosomes in the H2A, H2B or H4 reporter 
strains with the H3 reporter strain. rho indicates Pearson correlation. b, Genome-wide Pearson correlation between myc and HA levels per nucleosome 
of all reporter strains. Median of all ChIP repeats is shown with the number of repeats ‘n’ for each strain indicated on the right. a indicates a strain with 
G133A in the HHT1 allele (see Methods), b indicates a strain in which TEV is fused to H2B rather than H2A, * indicates a strain in which the alternate allele 
was tagged (HHT2 for H3 and HHF1 for H4) and # indicates the H2B reporter in which both TEV and the sensor are fused to H2B alleles (HTB2 and HTB1 
respectfully). c, Mean myc and HA signal around the TSS for the indicated sensors, binned by expression level (top) or plasticity (bottom). Note that both 
leftmost systems equally report on H3 dynamics, with fusing TEV to either H2A or H2B. myc/HA signal (log) is shown in the corresponding Fig. 2c. d, As 
in (c) for strains in which the H2A.Z variant (Htz1) has been deleted in the H2A (median of 4 repeats) or H3 (8 repeats) sensors.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Supporting figure for Fig. 3. a, Calculated myc and HA nucleosome intensities across a broad kon versus koff parameter space 
(leftmost, kclv=1.5 and f = 1 as in Fig. 2a). Varying the fraction of myc in unbound histones (f = 0.5, second from left), or myc cleavage rate (kclv*=0.15, 
second from right) were further tested. HA levels in all cases remain unchanged (rightmost). All axes and color are in log-scale. b, HA signal intensity 
distribution of nucleosomes on A/T-rich (75 + /-2%) and A/T-poor (50 + /-2%) regions in the genome for H2A and H3 sensor strains. The average A/T 
content in yeast is 63%. c, Gene body (+2) nucleosome myc signal in H2A versus its respective HA signal (left) or versus H3 myc (right). Color indicates 
expression level of the gene corresponding to the given nucleosome. d, Mean myc and HA intensity as in Fig. 3c for nucleosomes -2 to +3 (n = 2561, 3500, 
4778, 4768 and 4637 for the different positions) in the various reporter strains. For H2B, analyses are shown for strains in which TEV was fused to either 
H3 or the other allele of H2B as indicated. For H3, TEV was fused to either H2A or H2B. Moving average is calculated over 0.5 expression levels.  
Shaded area is standard error. e, Fold change in H2A (y-axis) and H3 myc (x-axis) nucleosome levels in Spt6 over-expressing versus wild type cells.  
f, Antisense transcription was ordered by expression level32. Mean myc and HA intensity are shown for nucleosomes -2 to +2. Shaded area is standard 
error. g, Candidate screen for chaperones involved in exchange. As in (d) for indicated histone chaperone mutants alongside wildtype for promoter (-1) 
and gene body (+2) nucleosomes. DAmP; Decreased Abundance by mRNA Perturbation 52, OE; overexpression by TEF1 promoter substitution of native 
promoter. Number of repeats for H2A/H3 systems correspondingly: OE-Spt6 n = 3/3, spt16DAmP n = 2/3, spt6DAmP 2/3, hir1 n = 2/3. Shaded area is 
standard error.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Supporting figure for Fig. 4. a, HA and myc intensity dynamics for the indicated sensor at gene body nucleosomes (+2) during 
H2O2 exposure. Each column is a single (repressed or induced) gene that corresponds to the given nucleosome. Color indicates the signal intensity change 
relative to its median (log) at each nucleosome. b, Median gene expression change (log2) of annotated functional gene groups (stress genes, ribosomal 
biogenesis53) or internally derived expression clusters (induced, repressed). Corresponding mean myc and HA levels around the TSS of stress genes and 
ribosomal biogenesis genes. c, As in (a) for promoter nucleosomes (-2) in the H3 reporter system. d, Top: Yap1 and Msn2 ChEC binding signal on gene 
promoters from54. The dashed line indicates the chosen binding threshold for Yap1 and Msn2 target genes. Color indicates the gene’s maximal expression 
level change during H2O2 exposure. 9 Yap1 targets that do not induce expression are marked in red squares. Bottom: Median Msn2 and Yap1 ChEC signal 
around the determined Msn2 and Yap1 binding sites. e, Median intensities around the Yap1 and Msn2 binding sites on target gene promoters during H2O2 
exposure in the H2A reporter system. The number in brackets indicates the number of target genes for each transcription factor.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Supporting figure for Fig. 5. a, Gene state (induced or repressed, Fig. 5a) was defined by the median expression change (Y-axis) 
versus plasticity (standard deviation, X-axis) in a deletion collection 51. Dashed lines indicate the threshold (delta median over 2-fold standard error) used 
to define high confidence genes with increased (red) or decreased (green) mRNA in exponentially growing wild type cells. b, Histogram of plasticity scores 
derived in (a) for TATA and TATA-less gene groups55. c, Expression plasticity vs. expression level for promoter (-2) and gene body (+2) nucleosomes. 
Color indicates myc intensity in the H3 or H2A reporter system respectively. d, Mean exchange signals for all reporter strains at promoter nucleosomes 
(-2 and -1, n = 1503 and 2028), as a function of gene expression plasticity defined in (a). Shaded area is standard error. e, Mean HA intensity on promoters 
in Hir1-deleted versus wild-type cells, corresponds to Fig. 5b. Rho indicates the Pearson correlation, and cyan diamonds highlight histone promoters. f, HA 
and myc for Asf1-deleted cells as in (e). g, Mean HA intensity for wild type, Asf1, Hir1 and Hir2-delted cells around two histone loci, corresponds to Fig. 4c. 
Refer to main figure for number of repeats in (e-g).
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