12648-12659
doi: 10.1093/narlgkaal 050

Nucleic Acids Research, 2020, Vol. 48, No. 22

Published online 26 November 2020

Quantification of the effect of site-specific histone
acetylation on chromatin transcription rate

Masatoshi Wakamori!, Kohki Okabe “2-3",

Kiyoe Ura®*, Takashi Funatsu?,
Masahiro Takinoue “3:*:" and Takashi Umehara

1,3

Laboratory for Epigenetics Drug Discovery, RIKEN Center for Biosystems Dynamics Research, Yokohama,
Kanagawa 230-0045, Japan, 2Graduate School of Pharmaceutical Sciences, The University of Tokyo, Bunkyo-ku,
Tokyo 113-0033, Japan, 3PRESTO, Japan Science and Technology Agency (JST), Kawaguchi, Saitama 332-0012,
Japan, “Graduate School of Science, Chiba University, Chiba, Chiba 263-8522, Japan and °Department of Computer
Science, Tokyo Institute of Technology, Yokohama, Kanagawa 226-8502, Japan

Received July 09, 2020; Revised October 15, 2020; Editorial Decision October 17, 2020; Accepted October 20, 2020

ABSTRACT

Eukaryotic transcription is epigenetically regulated
by chromatin structure and post-translational modi-
fications (PTMs). For example, lysine acetylation in
histone H4 is correlated with activation of RNA poly-
merase |-, ll- and lll-driven transcription from chro-
matin templates, which requires prior chromatin re-
modeling. However, quantitative understanding of
the contribution of particular PTM states to the se-
quential steps of eukaryotic transcription has been
hampered partially because reconstitution of a chro-
matin template with designed PTMs is difficult. In
this study, we reconstituted a di-nucleosome with
site-specifically acetylated or unmodified histone H4,
which contained two copies of the Xenopus somatic
5S rBRNA gene with addition of a unique sequence de-
tectable by hybridization-assisted fluorescence cor-
relation spectroscopy. Using a Xenopus oocyte nu-
clear extract, we analyzed the time course of accumu-
lation of nascent 5S rRNA-derived transcripts gen-
erated on chromatin templates in vitro. Our mathe-
matically described kinetic model and fitting analy-
sis revealed that tetra-acetylation of histone H4 at
K5/K8/K12/K16 increases the rate of transcription-
ally competent chromatin formation ~3-fold in com-
parison with the absence of acetylation. We provide a
kinetic model for quantitative evaluation of the contri-
bution of epigenetic modifications to chromatin tran-
scription.
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INTRODUCTION

Eukaryotic genes are transcribed by three classes of multi-
subunit DNA-dependent RNA polymerases (RNAPs) (1).
Ribosomal RNA (rRNA) genes, protein-coding genes and
short non-coding genes, including those for 5S rRNA and
transfer RNA (tRNA), are transcribed by RNAP I, II
and III, respectively (2-4). Because eukaryotic genomic
DNA interacts with positively charged histone proteins
and is compacted into chromatin, gene transcription is
regulated not only by processes involving a naked DNA
template—such as the recruitment of general transcrip-
tion factors and RNAPs to the promoter, initiation and
elongation—but also by processes involving a chromatin
template, such as chromatin accessibility for the transcrip-
tion machinery and chromatin remodeling (5,6). The struc-
tural unit of chromatin, the nucleosome, is formed by wrap-
ping DNA (145-147 bp) around the histone octamer, which
consists of two copies of each of the core histones (H2A,
H2B, H3 and H4) (7,8). Each core histone has a lysine
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(K)-rich N-terminal tail that protrudes through nucleo-
somal DNA, and these lysine residues are subjected to
post-translational modifications (PTMs) such as acetyla-
tion, methylation, and ubiquitination (9). Lysine acetyla-
tion (Kac) in the histone H4 tail facilitates chromatin tran-
scription by RNAPs I, II and III in comparison with un-
modified histone H4 (10-16); this may occur by enhancing
the remodeling or repositioning (or both) of the nucleosome
positioned near the transcription start site (17,18). Addi-
tionally, binding of an epigenetic reader protein, such as a
bromodomain-containing protein, to chromatin may be fa-
cilitated by acetylation and may increase the rate of chro-
matin transcription (19,20).

The N-terminal tail of histone H4 has four major acety-
lation sites (K5, K8, K12 and K16), which are highly con-
served from yeast to human. These lysines can be acetylated
by histone acetyltransferases, and the number of acety-
lated residues correlates with RNA transcription activity
(15,16,21). Among several H4 acetylation states (22-25),
tetra-acetylation at KS/K8/K12/K16is particularly impor-
tant, because this hyperacetylated state is found in euchro-
matin regions where the nearby genes are transcription-
ally most active (26). H4 acetylation at K5/K8/K12/K16
correlates with the expression of both the RNAP II- and
III-transcribed genes (15,16). However, the contribution
of each modification state of each histone to the sequen-
tial steps of chromatin transcription is yet to be quanti-
fied because of the difficulty in precise reconstitution of
a chromatin template with the epigenetic modification(s)
of interest (27). Using genetic code expansion and cell-
free protein synthesis, we synthesized histone H4 contain-
ing designed site-specific acetylation(s) and reconstituted a
H4-K5/K8/K12/K16-tetra-acetylated nucleosome (28,29).
Despite the suggested importance of tetra-acetylation at
K5/K8/K12/K16, this modification does not affect the
crystal structure of the nucleosome core particle (29).
Therefore, the effect of histone H4 acetylation on the dy-
namics of the nucleosome core needs to be analyzed.

Because the 5S rRNA gene can be chromatinized with
a single nucleosome, it has been used as a model gene in
an in vitro chromatin transcription assay (27,30). When
whole histones including the H4 tail are acetylated in a
di-nucleosome chromatin template containing a tandem of
two 5S rRNA gene cassettes (i.e. X5S 197-2 (27)), SSrRNA
transcription is activated in vitro (27). However, it is diffi-
cult to monitor transcription in real time because in vitro
transcripts are usually detected by electrophoresis using
radioisotope-labeled UTP.

In this study, we developed a di-nucleosome tandem
Xenopus 5SS rRNA gene cassette with a unique sequence
derived from c-fos. Hybridization of end-initiated nascent
transcripts containing two copies of this sequence with
the corresponding antisense fluorescent probe enabled ul-
trasensitive real-time monitoring of transcript accumula-
tion in a Xenopus oocyte nuclear extract by fluorescence
correlation spectroscopy (FCS). We reconstituted the di-
nucleosome chromatin template with non-acetylated or
tetra-acetylated histone H4 and monitored accumulation of
5S transcripts. Our mathematically described kinetic model
allowed us to determine the rates of chromatin transcrip-
tion from non-acetylated and H4-tetra-acetylated chro-
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matin templates. The methodology developed in this study
can be used for quantitative analysis of the contribution of
epigenetic modification(s) to chromatin transcription.

MATERIALS AND METHODS
Reconstitution of H4-acetylated histone octamers

Core histones were prepared and histone octamers were re-
folded essentially as described previously (31). Briefly, the
full-length human histones H2A type 1-B/E, H2B type
1-), and H3.1 were produced in Escherichia coli BL21
(DE3) and purified by Ni-Sepharose affinity chromatogra-
phy. K5/K8/K12/K16-acetylated histone H4 (hereafter re-
ferred as tetra-acetylated H4) was produced in an E. coli
cell-free protein synthesis system with the expanded genetic
code (28) as described (29). For refolding of histone oc-
tamers, equimolar amounts of histones (i.c. H2A, H2B, H3,
and unmodified or tetra-acetylated H4) were dissolved in 20
mM Tris-HCI buffer (pH 7.5) containing 6 M guanidine—
HCI and 10 mM DTT, and dialyzed against 10 mM Tris—
HCI buffer (pH 7.5) containing 2 M NaCl, 1 mM EDTA,
and 5 mM 2-mercaptoethanol. The histone octamers were
purified by size-exclusion chromatography on a Superdex
200 column (GE Healthcare).

Preparation of di-nucleosome DNA

The 424-bp di-nucleosome DNA fragment X5S 197-2 com-
posed of two tandem cassettes of the 197-bp Xenopus bo-
realis somatic 5S rRNA gene with an upstream sequence
(Figure 1A, top) was prepared as previously described (32).
To produce the 479-bp di-nucleosome DNA fragment (X5S
217F-2; Figure 1A, bottom), two synthetic DNAs (250 bp
and 229 bp) were purchased from Eurofins Genomics. The
250-bp DNA was the first 5S rRNA gene cassette (—108 to
+142), in which a Pvull site (5-CAGCT G-3') was inserted
at the 5’ end and the c-fos antisense probe sequence (5'-
GCGGA GACAG ACCAA CTAGA-3) was inserted at the
+115 position. The 229-bp DNA was the second 5S rRNA
gene cassette (+143 to +371), in which the c-fos antisense
probe sequence was inserted at the +332 position and the
Pvull site was inserted at the 3’ end. The two DNAs were
ligated using a Gibson Assembly Master Mix (New Eng-
land Biolabs) and subcloned into the pWMDO1 vector (33).
The di-nucleosome DNA with the modified 5S rRNA gene
cassettes (X5S 217F-2) was excised with Pvull and puri-
fied by ion-exchange chromatography on a TSK-gel DEAE-
SPW column (Tosoh Corporation). In the naked DNA tran-
scription assay, the maxi 5S-2 template consisting of two
tandem maxi 5S genes (27,34) was compared with X5S 197-
2 and X5S 217F-2.

Reconstitution of di-nucleosome chromatin templates

Di-nucleosomes with or without histone H4 acetylation
were reconstituted by salt dialysis (32). Briefly, purified hi-
stone octamers were mixed with the X5S 197-2 or X5S
217F-2 fragment DNA in 10 mM Tris—-HCI buffer (pH
7.5) containing 2 M NaCl, ] mM EDTA, and 1 mM 2-
mercaptoethanol (histone octamer:DNA = 0.9:1.0 w/w),
and dialyzed at 4°C for 16 h. Then, stepwise dialysis was
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Figure 1. Reconstitution of H4-tetra-acetylated di-nucleosomes for chromatin transcription. (A) Scheme of di-nucleosome rRNA gene cassettes. Internal
control regions (box A; IE, intermediate element; box C) of the 5S rRNA gene are indicated. The X5S 197-2 construct (27) (top) was modified by introducing
a c-fos antisense probe sequence (bottom) for fluorescence correlation spectroscopy measurements. (B) Western blotting of unmodified and site-specifically
tetra-acetylated histone H4 proteins. Kac, acetylated lysine. (C, D) Atomic force microscopy images of 5S rRNA gene di-nucleosomes reconstituted with
unmodified histone H4 (C) or K5/K8/K12/K16-tetra-acetylated H4 (D). (E) Di-nucleosome digestion with micrococcal nuclease (MNase). Lanes 1, 3,
5, 7 and 9, di-nucleosomes with unmodified H4; lanes 2, 4, 6, 8 and 10, di-nucleosomes with K5/K8/K12/K16-tetra-acetylated H4. Lanes 1 and 2, di-
nucleosomes were incubated in M Nase reaction buffer in the absence of MNase. Units of MNase (Takara, cat. #2910A) per microgram DNA: lanes 3 and
4,2.5; lanes 5 and 6, 5.0; lanes 7 and 8, 10, lanes 9 and 10, 20. (F) Agarose gel electrophoreses of di-nucleosomes constructed with c-fos-derived annealing
sequence DNA. Lane M, DNA ladder marker (NEB, cat. N3232S); lane 1, di-nucleosome reconstituted with unmodified H4; lane 2, di-nucleosome

reconstituted with K5/K8/K12/K16-tetra-acetylated H4.



performed against buffers with decreasing NaCl concentra-
tions. The reconstituted di-nucleosomes were fractionated
by centrifugation in 10-25% sucrose gradients at 36 000 rpm
at 4°C for 16 h in a Beckman SW41 rotor. Forty fractions
were collected using a Piston Gradient Fractionator (Bio-
Comp) and electrophoresed in 0.5x TBE bufferat 8.5 V/cm
in a 0.7% Seakem GTG agarose gel and visualized by ethid-
ium bromide staining. Di-nucleosomes from the 20th to
22nd fractions were pooled, concentrated using an Amicon
Ultra 0.5 ml 10K centrifugal filter, and dialyzed against 10
mM HEPES buffer (pH 7.5) containing 100 .M EDTA;
their concentration was determined from the optical den-
sity at a wavelength of 260 nm.

Atomic force microscopy

Di-nucleosomes (90 ng/pl) were fixed with 0.1% glutaralde-
hyde for 16 h at 4°C. Immediately before measurement, they
were diluted to 0.45 ng/wl with 10 mM HEPES buffer (pH
7.5), placed onto APTES-treated mica (35) and left for 10
min. Imaging was performed using a high-speed AFM sys-
tem (Nano Live Vision, RIBM, Tsukuba, Japan) with a
carbon nanofiber cantilever (BL-AC10FS, Olympus) at a
spring constant of 0.1 N/m in solution phase at 27°C. Im-
ages of a 500 x 375-nm area were obtained at 2 s/frame at a
resolution of 192 x 144 pixels. DNA length between two nu-
cleosome core particles was traced manually in the images
and quantified using ImagelJ software (version 1.45s).

Nuclease digestion assays

DNA of di-nucleosome (100 ng) containing either tetra-
acetylated or unmodified histone H4 was digested for 5 min
at 22°C with micrococcal nuclease (MNase) (0.125 to 2.0
units; Takara, cat. #2910A) in 5.5 mM Tris—HCI buffer (pH
7.6) containing 500 wM CaCl, and 50 pg/ml BSA. Diges-
tion was terminated by the addition of a 20 mM EDTA so-
lution, containing 0.5% (w/v) SDS and 2 wg of proteinase
K (Roche, cat. #3115887). DNA fragments were extracted
with phenol/chloroform and analyzed by electrophoresis in
a non-denaturing 10% polyacrylamide gel. Restriction en-
donuclease digestion assay was performed essentially as de-
scribed (36), in the presence of 0.9 wl of a Xenopus oocyte
nuclear extract (Supplementary Figure S2). Rsal was seri-
ally diluted with a 1 x CutSmart buffer (NEB, cat. B7204S).

Transcription in vitro and transcript detection by fluorescence
correlation spectroscopy

Transcription was performed essentially as described (37).
For calibration, end-initiated RNA (475 nucleotides, nt)
was transcribed by T7 RNA polymerase from the X5S
217F-2 template containing the T7 promoter (5-TAATA
CGACT CACTA TAGG-3'). In the FCS assay, each re-
action mixture (10 wl) contained purified di-nucleosome
or naked DNA template (1 pg), 0.9 wl of a Xenopus
oocyte nuclear extract, 9.5 mM HEPES (pH 7.4), 100 mM
NaCl, 48 mM KCl, 6.7 mM MgCl,, 3.6 mM DTT, 90 pM
EDTA, 4.5% (v/v) glycerol, 0.9% (w/v) polyvinylpyrroli-
done, 0.06% (w/v) BSA, 500 puM NTPs, 1 wM trichostatin
A, 5 units of RNase inhibitor (Toyobo, cat. #SIN-201), and
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20 nM c-fos antisense probe. The c-fos antisense probe was
synthesized with a 2’ O-Me RNA backbone, which was
labeled with Cy3 at its 5’ end. FCS was conducted on a
confocal laser-scanning fluorescence microscope (TCS SPS,
Leica) equipped with a single molecule detection unit (Pi-
coQuant) at 23°C. The reaction mixture (5 pl) was cov-
ered with a stainless-steel cylinder (inner diameter, 6.2 mm;
length, 5 mm), one end of which was covered with a cover
glass. Cy3 fluorescence was excited with a green laser (532
nm, Leica), and emitted photons were captured through
an objective lens (63x, HC PL APO CS2 1.20 N.A. water,
Leica) with a 570DF30 emission filter (Omega). Each 30-s
fluorescence fluctuation measurement was performed with
an avalanche photodiode (PicoQuant). Total recording time
was about 20 min. Autocorrelation was calculated with the
SymPhoTime software (PicoQuant). In each measurement,
131 data points (i.e., fluorescence autocorrelation function;
FAF) from 0.01 to 813 ms were obtained; a logarithmic time
scale was used. The obtained FAF between 0.01 and 813 ms
was approximated with SymPhoTime using the autocorre-
lation function (Equation 1) with one component:

| 1 ! :
G- =73 x <1+r/f1> (1 +(1/K)2(r/n>> v

where N is the number of fluorescent dyes in the confocal
volume, 7, is the diffusion time, and « is a structure param-
eter (10-15 in this experiment).

RESULTS

Atomic force microscopy (AFM) imaging and nuclease diges-
tion of the H4-tetra-acetylated di-nucleosome

We reconstituted a di-nucleosome in which two copies of
Xenopus somatic 5S rRNA gene were connected in tandem
(Figure 1A and Supplementary Figure S1) (32) and recom-
binant human histone H4 was either unmodified or tetra-
acetylated at KS/K8/K12/K16 (28,29). Site-specific acety-
lation of histone H4 at K5/K8/K12/K16 was confirmed by
Western blotting using specific monoclonal antibodies (Fig-
ure 1B). Histone octamers containing K5/K8/K12/K16-
tetra-acetylated H4 (hereafter referred as 4Kac) or unmod-
ified H4 together with bacterially expressed core histones
H2A, H2B, and H3 (38) were assembled and purified. Us-
ing unmodified or 4Kac histone octamers, 5S rRNA gene
di-nucleosomes were reconstituted with either the X5S 197-
2 template DNA (Figure 1A, top; Supplementary Figure
S1A) (27,32) or the newly designed X5S 217F-2 template
DNA (Figure 1A, bottom; Supplementary Figure S1B);
X5S 217F-2 had an insertion of a 20-bp human c-fos-
derived annealing sequence (which is absent in the Xenopus
genome) at the +115 position downstream of the 5S rRNA
gene for specific detection of 5S rRNA nascent transcripts.

Using AFM imaging, we found that the unmodified (Fig-
ure 1C) and 4Kac (Figure 1D) X5S 197-2 di-nucleosomes
had similar dumbbell-shaped structures. DNA length be-
tween the two nucleosome cores did not differ significantly
between unmodified di-nucleosomes (41 + 12 nm; N = 50)
and 4Kac di-nucleosomes (44 + 10 nm; N = 50). The vol-
umes of the unmodified nucleosome cores (2100 & 150 nm?;
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N = 10) and 4Kac nucleosome cores (2000 #+ 470 nm?; N =
10) also did not differ significantly.

We next compared the biochemical accessibilities of mi-
crococcal nuclease (MNase) to the unmodified and 4Kac
X5S 197-2 di-nucleosomes (Figure 1E). Toward both di-
nucleosomes (424 bp), MNase yielded approximately 145-
bp DNA fragments that matched the length of mono-
nucleosomal DNA (145-147 bp). The sizes and amounts of
this partially digested DNA did not differ between unmod-
ified and 4Kac di-nucleosomes (Figure 1E), suggesting that
they had the same chromatin accessibility. Unmodified and
4Kac di-nucleosomes reconstituted with X5S 217F-2 tem-
plate DNA (Figure 1F) were used for real-time chromatin
transcription assay.

Chromatin transcription and its real-time detection by FCS

To establish a specific system for detection of nascent tran-
scripts by FCS, we first examined naked DNA transcrip-
tion from the X5S 197-2 and X5S 217F-2 templates in a
Xenopus oocyte nuclear extract containing RNAP III (Sup-
plementary Figure S3A). We detected 120-nt RNA tran-
scribed from X5S 197-2 and 140-nt RNA transcribed from
X5S 217F-2 (Supplementary Figure S3B); thus, transcrip-
tion from X5S 217F-2 was initiated at the 5S promoter and
driven by RNAP III, as described for X5S 197-2 (27). In
addition, end-initiated transcripts were also detected from
both templates, as reported for X5S 197-2 (27).

To quantify the nascent transcripts, we added an anti-
sense probe (20-nt-long Cy3-labeled 2'-O-methyl; 20Me)
(39) to a solution containing 5S rRNA transcripts and the
Xenopus oocyte nuclear extract in our FCS system; we ex-
pected the probe to bind complementarily to the c-fos-
derived annealing sequence in the transcript (Figure 2A).
We assessed hybridization in real time at high resolution
as an increase in the diffusion time of the fluorescent an-
tisense probe detected by FCS (40-42) (Figure 2B). How-
ever, we could not detect any changes in the diffusion time
with the 140-nt RNA, which was transcribed by T7 RNA
polymerase, at concentrations ranging from 0 to 10 nM,
presumably because the dissociation constant between the
140-nt RNA and the antisense probe is far above 10 nM
and/or the difference in sizes between the antisense probe
and the hybridized complex was too low to be detected.
Therefore, we prepared the end-initiated RNA, which had
two copies of 5S rRNA containing the c-fos-derived an-
nealing sequence, also by transcription with T7 RNA poly-
merase. We expected this transcript to increase the sensitiv-
ity in FCS owing to its higher affinity to the antisense probe
and larger difference in sizes between the antisense probe
alone and the probe-hybridized RNA.

When the end-initiated transcript containing two c-fos-
derived annealing sequences was added to the reaction mix-
ture, the diffusion time of the fluorescent antisense probe,
as determined from the FAF, was extended by sequence-
dependent hybridization, whereas the end-initiated tran-
script lacking the c-fos sequence did not extend the diffu-
sion time (Figure 2C). To calibrate the transcription level,
we added different concentrations of the end-initiated tran-
script containing two c-fos-derived annealing sequences to

a reaction mixture that contained all components except the
DNA template, incubated the mixture for 10 min, and con-
ducted FCS measurements. The relationship between RNA
concentration (0—10 nM) and averaged ratio of the diffusion
time of the antisense probe to the diffusion time at 0 nM
could be approximated by a Michaelis—Menten-type curve
with an excellent fit (coefficient of determination, R* = 0.88;
Figure 2D), confirming that the concentration of the end-
initiated nascent transcripts can be quantified by measuring
probe diffusion time.

By using a custom-made lid as a cover glass to pre-
vent evaporation, we obtained FAF using as little as 5
wl of the reaction mixtures, thus enabling us to measure
the concentrations of nascent transcripts in vitro in real
time (Figure 2E). We performed transcription assays in
the Xenopus oocyte nuclear extract with the naked DNA
template containing or lacking the c-fos sequences, or the
X5S 217F-2 di-nucleosome template with tetra-acetylated
or non-acetylated H4. As expected, no RNA synthesis was
observed for X5S 197-2 naked DNA, which has no probe-
annealing sequence, whereas an increase in RNA concen-
tration in a time-dependent manner was observed for X5S
217F-2 naked DNA (Figure 2E). Transcription from the
H4-tetra-acetylated di-nucleosome was greater than that
from the unmodified di-nucleosome, but both were lower
than that from the naked template (Figure 2E). Hence, site-
specific acetylation of histone H4 activates transcription
from chromatin template in vitro.

Scheme of chromatin transcription and modeling

The reconstituted RNAP III-driven chromatin transcrip-
tion system used is shown in Figure 3. For analyzing the
essential dynamics of chromatin transcription, we postu-
lated four steps on the basis of published data, each repre-
senting a chromatin state or reaction: (I) chromatin acces-
sibility, (IT) formation of transcriptionally competent chro-
matin, (IIT) priming before transcription and (IV) 5S rRNA
transcription.

Chromatin accessibility (I) for ¢rans-acting factors can be
evaluated by using enzymes that act on DNA, such as mi-
crococcal nuclease (MNase), DNase I, or transposase (43).
Chromatin remodeling factors or histone chaperones, or
both, may access the chromatin template at different rates,
depending on the presence or absence of histone acetyla-
tion. Formation of transcriptionally competent chromatin
(IT) covers a series of possible chromatin-mediated reactions
to allow transcription by RNAP III. This step includes re-
organization of chromatin around the transcription start
site mediated by multi-protein interactions. Priming before
transcription (I11) includes sequential assembly of the tran-
scription preinitiation complex of general transcription fac-
tors TFIITA/TFIIIB/TFIIIC and RNAP III at the pro-
moter (44-47). Finally, 5S rRNA is transcribed by RNAP
IIT (IV). During RNAP Ill-dependent transcription elon-
gation, the histone core is moving from a position on the
DNA template ahead of RNAP III to a position behind it
(48-50). In our model, naked DNA transcription includes
steps (III) and (IV) and chromatin transcription includes
steps (D—(IV).
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Figure 2. Real-time detection of chromatin transcription by fluorescence correlation spectroscopy. (A) Scheme of a Cy3-labeled antisense 2'-O-methyl
RNA (20Me-RNA) probe and its hybridization with RNA. (B) Scheme of the setup of fluorescence correlation spectroscopy (FCS) for monitoring RNA
synthesis. Changes in diffusion of the antisense probe upon hybridization with transcripts in the confocal volume were detected by an avalanche photodiode
(APD) at the single-molecule level. (C) Fluorescence autocorrelation functions [FAF, G(t)] in reaction solutions. FAF of the antisense probe with RNA
showed longer correlation time than that without RNA or that of a control probe with RNA. Circles, data points; solid lines, fitting curves. (Inset) Averaged
diffusion time of antisense probes. Mean =+ standard deviation (N = 3). (D) Calibration of the averaged diffusion time of the antisense probe molecules as
a function of their concentration. Mean = standard deviation (N = 3). R?, coefficient of determination. In (C) and (D), end-initiated RNA was transcribed
by T7 RNA polymerase from two tandem copies of the 5S rRNA gene (Figure 2A) and added to a Xenopus oocyte nuclear extract without template DNA.
(E) Real-time detection of nascent 5S rRNA transcripts. Template DNAs used are shown in: gray, naked 5S rRNA gene without c-fos sequence; black,
naked 5S rRNA gene containing the c-fos-derived annealing sequence; red, H4-tetra-acetylated di-nucleosome 5S rRNA gene containing c-fos sequence;
and blue, non-acetylated di-nucleosome 5S rRNA gene containing c-fos sequence. Mean =+ standard error (N > 3).

Kinetic modeling and analyses of chromatin transcription the formation of transcriptionally competent chromatin
(IT) and priming before transcription (III) steps, given
X: () and Y:(¢) are the concentrations of non-primed tran-
scriptionally competent chromatin ‘¢’ and primed DNA
‘€, respectively, at time ¢, the concentration of chromatin
‘€’ to become transcriptionally competent chromatin is
(e C — Xz — Y;) (Figure 4A). The formation of transcrip-
tionally competent chromatin is assumed to be a rate-
limiting step and is described as

Using the above chromatin transcription model and FCS
data, we constructed a simple kinetic model to quantify:
(1) the chromatin transcription kinetics and (ii) the con-
tribution of a certain epigenetic modification state (tetra-
acetylation of histone H4 in this study) to chromatin tran-
scription. The definitions of the variables and parameters in
our kinetic model explained below are summarized in Sup-
plementary Table S1.

At the chromatin accessibility step (I), the concentra-

ke
tion of accessible chromatin is expressed by «; C, where & is (“é C—- X — YE) — Xe,
the type of chromatin template containing the c-fos-derived

where kg is the rate of transcriptionally competent chro-
matin formation of chromatin ‘¢’.

Priming before transcription (III) is another rate-limiting
step; priming is delayed by sequential assembly of the tran-
scription preinitiation complex at the promoter (16,44,46).

annealing sequence (‘§’ = ‘4Kac’ for H4-tetra-acetylated
chromatin or ‘unmod’ for unmodified chromatin); C ( =
300 nM, fixed) is the concentration of the template (‘4Kac’
and ‘unmod’); and «¢ is accessibility of chromatin ‘£°. At
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(I) Chromatin accessibility

Unmodified chromatin

(I) Formation of transcriptionally
competent chromatin
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(IV) 5S rRNA transcription
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Figure 3. Schematic diagram of 5S rRNA chromatin transcription and its real-time detection.

Thus, priming before naked DNA transcription is described
as

kp
Xe = X,

where kj, is the priming rate of chromatin ‘£’. Finally, (IV)
5S rRNA transcription reaction is described as follows by
assuming the Michaelis—Menten-type enzymatic reaction

YS keat ﬁqCRP

Z,
where Z:(t) are the concentrations of the transcribed RNA
produced from chromatin ‘¢’ at time #; kcy, K, and Crp are
the turnover number, the Michaelis—Menten constant, and
the concentration of RNAP III, respectively.

From the chemical reaction model, we have the following
ordinary differential equations:

dX;

5 ke (wC— X —X) -k Xe, 2)

a4 - ky Xe, (3)

dZ;  kaCreYe ket Cre
de Kn+ X K

¥, “)

where K, > C > Y because Ky, for eukaryotic RNA poly-
merase I1I is 7 to 83 wM (51) and C in this study was 300
nM. By solving equations [2]-[4] under the initial condition
X: (0)= Y (0)= Z (0)= 0, the kinetics of 5S rRNA
transcription from the H4-tetra-acetylated chromatin and
the unmodified chromatin is obtained as

k B kg +kp
Z%-:yaé- r— —pek$t+—
ké (ké - kp) kE kp

o k{: —kyt 5
k(e —Fy)° ” ©
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Figure 4. Kinetic model of chromatin transcription. (A) Explanation of modeling of chromatin transcription. Variables are defined in Supplementary
Table S1. (B, C) Explanation of the obtained equations. (B) Transcription from chromatin (equation [5]). (C) Transcription from naked DNA (equation
[6]). (D, E) Numerical simulation of chromatin transcription with different kyx 5 (D) and different oaug e (E). y = 0.01 nM min~! and kp = 1/15~0.0667
min~! are fixed. Z; is the concentration of transcribed RNA, where & is ‘4Kac’ or ‘naked’. For ‘4Kac’, equation [5] is used, where k4. is changed with

U4Kac = Onaked = | fixed (D) or aukyc is changed with apaked = | and kakac

where & is ‘4Kac’ or ‘unmod’; y = k%i‘“’ is the naked
DNA transcription rate; the term yoazf means pure
naked DNA transcription without the need for (II)
formation of transcriptionally competent chromatin
or (IIT) priming before transcription; and the term

ke ket Rtk ke kyry o _
{ e ) + ok~ Bl k)¢ } indicates the pre

transcription time delay caused by steps (II) and (III)
(Figure 4B).

= 0.1 min~! fixed (E). For ‘naked’, equation [6] is used.

By taking the limit of kst — o0, k,/ke — 0, and oz = 1
in equation [5], the kinetics of 5S rRNA transcription from
the naked DNA containing the c-fos-derived annealing se-
quence are

1 — e—kpt
Znaked = 14 |:t - k—i| s (6)
P
where Z,a1eq are the concentrations of the transcribed RNA
produced from ‘naked’ DNA at time ¢ (Figure 4C).
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Using equations [5] and [6], we simulated the dynamics
of chromatin transcription involving steps (I) to (IV) with
different kgx,. (Figure 4D) and different oy, (Figure 4E).
We confirmed that the rate of transcriptionally competent
chromatin formation k; contributes to the time delay, not
to the final slope of the kinetics (Figure 4D). On the other
hand, the accessibility «; contributes to the final slope of
the kinetics, not to the time delay (Figure 4E).

Subsequently, we estimated the kinetic parameters of
chromatin transcription by fitting the experimental data
to the kinetic model using the computing software Math-
ematica 11.3 (Wolfram Research, Champaign, 1L, USA).
First, by fitting the transcription data of the naked DNA
to equation [6], we determined the transcription rate y (ca.
0.052 nM min~!) and the priming rate &, (ca. 0.22 min~';
Figure 5A). We used these values to estimate the kinetics
of transcription from all types of DNA templates. Assum-
INg W4Kac = Gunmod = 1, fitting the 5SS rRINA transcription
data of the H4-tetra-acetylated and unmodified chromatin
to equation [5] (Figure 5B) resulted in the rates of transcrip-
tionally competent chromatin formation k4 ac 2~ 0.15 min~!
and kynmod = 0.052 min—!. Because all the coefficients of de-
termination were large (>0.91), we considered the fitting to
have been performed properly (Figure SA and B). This sug-
gests that the kinetic model constructed here can express
the transcriptional dynamics. In addition, to examine the
adequacy of the assumption of augac = Funmod = 1, we fit-
ted the data for aynmod = 0.8 — 1 (Supplementary Figure
S4). Because the kyymoq and R? values did not change much
even when aynmod Was changed, the simplest assumption of
04Kac = ®unmod = 1 was adopted on the basis of the results
of MNase digestion assays (Figure 1E). Thus, the math-
ematically described kinetic analysis shows that H4 tetra-
acetylation increases the rate of transcriptionally competent
chromatin formation approximately 3-fold in comparison
with the absence of modifications (k4xac/Kunmod = 2.9 £ 0.4;
Figure 5C).

DISCUSSION

Although it has been known since the 1960s that acetylation
of N-terminal tails of core histones facilitates chromatin
transcription (10,52), the contribution of each histone mod-
ification state has not been quantified. In this study, we
have developed a methodology for such quantification by
a fluorescence-based transcription tracking method in a re-
constituted system and kinetic modeling.

To understand the role of a particular epigenetic modifi-
cation, a protein with this modification has to be produced,
for example by enzymatic modification (53), native chemical
ligation (54), or genetic code expansion (55,56). To produce
H4 histone with four sites specifically acetylated, we com-
bined genetic code expansion and cell-free protein synthesis,
but other methods may also be used. By comparing RNAP
III-driven transcription dynamics in unmodified and H4-
tetra-acetylated di-nucleosomes containing 5S rRNA gene
cassettes, we established a platform to evaluate the rates of
chromatin transcription involving steps (I) to (IV) (Figure
3).

Around step (II), chromatin remodeling factors such as
RSC (remodel the structure of chromatin), or histone chap-

erones such as FACT (facilitates chromatin transcription),
or both, allow access of trans-acting factors (e.g. transcrip-
tional machinery) to DNA through relocation of the nu-
cleosome at the transcription start site, which is observed
in both RNAP II and Ill-transcribed genes (57-59). Al-
though we also could not detect significant effects of hi-
stone acetylation on chromatin remodeling (Supplemen-
tary Figure S2) (20,27,60,61), a certain histone acetyla-
tion state might facilitate chromatin reorganization. Fur-
thermore, histone acetylation induces multi-bromodomain-
mediated liquid-liquid phase separation (62).

We previously reported that the acetylation of core his-
tones enhances di-nucleosome chromatin transcription by
RNAP III without changing nucleosome mobility (27).
However, we could not quantitatively analyze the effect of
subunit- and site-specific acetylation on chromatin tran-
scription because we prepared histone octamers from HeLa
cell chromatin. In the present study, we assessed the site-
specific acetylation role of H4 at K5/K8/K12/K 16 in chro-
matin transcription through the genetic code expansion sys-
tem. Beyond the past study, we intended to quantify: (i) the
kinetics of respective step composing chromatin transcrip-
tion and (ii) the contribution of a defined epigenetic mod-
ification state to chromatin transcription. Our integrative
approach employing genetic code expansion, FCS, and ki-
netic modeling indicated that the H4 tetra-acetylation in-
creases the rate of transcriptionally competent chromatin
formation in 2.9-fold. It would be important to compare the
chromatin transcription rates among other H4 acetylation
states, such as the newly synthesized K5ac/K12ac species
of H4 in the future. The rate may be increased by a com-
bination of H4 acetylation with acetylation of another his-
tone, such as K27-acetylated H3 (15). Because the method-
ology developed here is versatile, the roles of other histone
PTMs (such as methylation and ubiquitination) can also be
quantified. The model may also be used for RNAP II-driven
chromatin transcription, chromatin replication, and other
aspects of DNA metabolism.

Real-time measurement of transcription in crude extracts
is challenging because the absolute amount of the recon-
stituted chromatin template is usually small, which makes
conventional measurements in a cuvette difficult. In this
study, we overcame this problem by using a fluorescent
probe with high affinity and specificity, which was detected
by FCS with high sensitivity, and a transcript containing
two probe-annealing sequences; this method enables sub-
nanomolar real-time measurements of nascent RNA. Mea-
suring molecular diffusion by FCS reduces the likelihood of
false positives, which is a problem when solely detecting a
change in fluorescence. Furthermore, FCS, based on single-
molecule counting, enables detection of RNA newly synthe-
sized from a very small amount of template. We found that
minimization of the reaction volume (to <5 pl) and exten-
sion of the measurement time (e.g. >20 min) are technical
bottlenecks caused by evaporation of the reaction mixture
during the measurement, and that fitting data in the present
time range (i.e. <20 min) is not easy. Considering the fem-
toliter order of the FCS measurement region, much smaller
volumes and longer measurements can be achieved by inte-
gration with microfluidic device technologies. By using the
developed transcription tracking method in a reconstituted
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0.006 min~!.

system, the effects of chemical factors (e.g. other PTMs,
ions, pH) and physical factors (e.g. temperature, viscosity,
congestion) on the dynamics of chromatin transcription can
be investigated. Considering the highly quantitative nature
of FCS and the requirement for just a few-microliter reac-
tion volume, the present methodology may also be applica-
ble to a living cell (42).

Our kinetic model quantitatively describes the chro-
matin transcription steps, although it does not explicitly
describe the reorganization of chromatin around the tran-
scription start site, such as chromatin remodeling and nu-
cleosome positioning. We determined the rates of tran-
scriptionally competent chromatin formation ksg,. and

kunmoda and confirmed the validity of data fitting, as judged
from their biochemically reasonable values. The finding
that H4 tetra-acetylation increased the rate of transcrip-
tionally competent chromatin formation ~3-fold is impor-
tant for characterization of the effect of this modifica-
tion: despite little structural difference from unmodified
chromatin, H4-tetra-acetylated chromatin showed consid-
erably more active dynamics of transcription. The effect
of the difference observed in this study will be clearer
when our methodology is applied to living cells or other
PTMs.

The constructed kinetic model (equation (5)) provides in-
sights into transcription from a chromatin template. When
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focusing on a very short-term process (k:t < 1), Zz —
Ly Bet®, where B; = a; kyke (min~>); (keatBe)3 (min~') is an
apparent initial rate of transcription from the chromatin
template. If very short-term transcription kinetics are quan-

titatively measured, B; or (kcatﬁg)% can be used for clas-
sifying transcription rates from the chromatin template in
various epigenetic modification states. When focusing on a
long-term process (kg > 1, kyt > 1), Z: — yagt; thus, by
measuring the slope of chromatin transcription, chromatin
accessibility can be determined more precisely, although in
this study it was assumed to be 1 on the basis of the results
of MNase digestion assays.

In summary, we established an in vitro reconstitution
system to quantify the contribution of a certain epige-
netic modification state to chromatin transcription dynam-
ics. As a model case, we compared the kinetics of chromatin
transcription between unmodified and H4-tetra-acetylated
chromatin templates. Chromatin templates with certain
PTMs, such as site-specific acetylation, can be used in crude
extracts in which the product molecules of interest can be
counted in real time. Therefore, our methodology will be ap-
plicable to a wide variety of chromatin-mediated reactions
for quantitative understanding of the importance of epige-
netic modifications.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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