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Abstract

Single positioned nucleosomes have been extensively employed as simple model experimental
systems for analysis of various intranuclear processes. Here we describe an experimental system
containing positioned mononucleosomes allowing transcription by various RNA polymerases.
Each DNA template contains a pair of fluorescent labels (Cy3 and Cy5) allowing measuring
relative distances between the neighboring coils of nucleosomal DNA using Forster resonance
energy transfer (FRET). The single-particle FRET (SpFRET) approach for analysis of DNA
uncoiling from the histone octamer during transcription through chromatin is described in detail.
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1. Introduction

All vital biological intranuclear processes (e.g. DNA replication, repair, recombination and
transcription) occur on DNA organized in chromatin. At the first level of chromatin folding,
147-bp DNA regions are organized in 1 3/4 superhelical coils on the surface of the histone
octamer forming nucleosome cores (1) . Short DNA fragments (150-350 bp) containing
single nucleosomes have been used recently for analysis of transcription of nucleosomal
templates (2-5) and many other intranuclear processes, including DNA repair in chromatin
(6, 7), ATP-dependent chromatin remodeling (8, 9) and analysis of nucleosome structure and
thermodynamics (10-13). In many cases the model templates faithfully recapitulate
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important aspects of these processes (2, 3, 6, 9, 14, 15). At the same time, these simple
experimental systems can be analyzed with a high resolution. Positioning and histone
composition of mononucleosomes that are often changed during various processes can be
easily monitored by analysis in a native gel (16-19). Thus analysis of protein binding to
nucleosomes and protein-induced changes in the conformation and/or structure of the
complexes are relatively straightforward using mononucleosomal templates.

In the majority of recent studies uniquely positioned nucleosomes were assembled on a
DNA fragment containing one of the strong nucleosome-positioning DNA sequences (20,
21). We routinely use two methods of nucleosome assembly: by dialysis of purified DNA
and core histonesfrom 2M NaCl ( 22)or by transfer of the histone octamer from “donor”
chromatin onto DNA (23). To avoid any traces of the donor chromatin in the resulting
nucleosome preparation, we include an additional step of purification of the templates on Ni-
NTA beads (4). In both protocols DNA or donor chromatin is present in an excess, allowing
formation of nucleosomes only on the high-affinity DNA sequences.

Advanced insight into nucleosome structure and dynamics during various intranuclear
processes can be achieved with modern experimental approaches based on single particle
Forster resonance energy transfer (SpFRET) analysis (24, 25). Thus spFRET analysis is
informative for analysis of alterations in nucleosome structure induced by modification
(methylation, acetylation) of DNA or histones (24, 26-28). spFRET records data from
thousands nucleosomes, and each nucleosome is characterized individually. This allows
study of structurally different subpopulations of nucleosomes that are often present during
various processes of chromatin metabolism.

Here we describe the application of spFRET to analysis of DNA uncoiling from the histone
octamer during transcription through chromatin. spFRETis a method of choice because of a
large variety and high heterogeneity of chromatin states formed during transcription. We
briefly describe basic principles of spFRET and present protocols for preparation of
fluorescently labeled nucleosomes and stalled RNAP complexes for spFRET analysis.

2. Materials

2.1. Miscellaneous Iltems

2 Low adhesion tubes (USA Scientific).

3 Gele xtraction kit (Omega Bio-tek).

4 SpinX centrifuge tube filter(Amicon) .

5 Dialysis membranes (Spectra/Por; molecular weight cut-off of 8000 and

12,000-14,000).

2.2. Enzymes

6 Ni-NTA agarose (Qiagen).
7 8-well Lab-Tek chambered cover glasses( Thermo Scientific).
1 Restriction enzymes (New England Biolabs, NEB).
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2. T4 DNA ligase (NEB).
3. Tag DNA polymerase (NEB).
4, RNA polymerase from Escherichia colr.

2.3. Buffers and Solutions

1 TAE buffer: 0.04M Tris—acetate, pH 8.0, and 1 mM EDTA.

2. TE buffer: 10 mM Tris-HCI, pH 8.0, 1 nMEDTA..

3. TB (transcription buffer): 20 mM Tris—=HCI (pH 8.0), 5 mM MgCl,, 2 mM
2-mercaptoethanol, and indicated concentration of KCI, mM.

4, EDTA stock solution: 0.5 M Na,—EDTA, pH 8.0.

5. RLB (RNA loading buffer): 95% formamide, 10 mM EDTA, 0.1% SDS,
and 0.01% of each bromophenol blue and xylene cyanol dyes.

6. 2x agarose loading buffer with 8 M urea: 45 mM Tris base, 45 mM Boric
Acid, 8M Urea, 0.01% bromophenol blue, 0.01% xylene cyanol, 1 mM
EDTA.

7. Annealing buffer: 10 mM TrisHCI, 100 mM NaCl, 1 mM EDTA pH7,5.

8. TB-PEG buffer for spFRET measurements: TB buffer supplemented with

0.1% poly(ethylene glycol) (MW 380-420 Da, Aldrich).

9. CRB 1 to 4 (Core Reconstitution Buffers): All four buffers contain HE,
5mM B-mercaptoethanol, 0.1% NP-40 and NaCl at the following
concentrations: Buffer 1-1 M; 2-0.8 M; 3- 0.6 M; 4 - 0.01 M.

3. Methods

3.1. Selectingposition sof fluorophore so n the nucleosomalDNA

FRET arises between two specially selected fluorophores, donor and acceptor, when the
distance between them is ca. 10 nm or less. Donor excitation induces a donor fluorescence
emission when the donor is far from an acceptor, or an acceptor emission when the donor is
close to the acceptor (Fig. 1A,B). The efficiency of FRET (£) is related to the distance r
between donor and acceptor according to the formula:

E=1/[1+(r/Ro)"], (1)

where Ry is the Forster radius. For example, /R, for fluorophores Cy3 (donor) and Cy5
(acceptor) (labels that are often used in SpFRET) is of ca. 60 A (29), and parameter £is a
reliable reporterof changes in the distance between Cy3 and Cy5 in the rangeof 3-10 nm.

For spFRET analysis fluorescent labels (one donor and one acceptor) are introduced in the
neighboring superhelical coils of DNA on a nucleosome. A distance between labels should
be < R. In a case of the 603 DNA template used in our study the labels were incorporated in
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the positions +40 and +135 bp from the promoter-proximal boundary of the nucleosome
(Fig. 1C).

Choice of these positions for DNA labeling is based on the following considerations.
According to the structure of the nucleosome assembled on a high-affinity DNA sequence
(13), both probes are incorporated into nucleosomal DNA in positions where DNA helix
faces solution and the probes are in a close proximity to each other (Fig. 1C). This
positioning minimizes the probability of interaction between the fluorescent probes and
histones, and maximizes the FRET signal characteristic for the intact nucleosome. In the
example described here the probes were incorporated to monitor uncoiling of the promoter-
distal region of nucleosomal DNA,; however they can be incorporated into different positions
on nucleosomal DNA to monitor uncoiling of other DNA regions from the histone octamer.

3.2. Assembly of mononucleosomal templates containing Cy5/Cy3 probes for in vitro
transcription

In the protocol described below nucleosomal DNA is obtained after annealing and ligation
of overlapping DNA oligonucleotides. Alternatively, nucleosomal DNA can be obtained by
PCR using shorter DNA oligonucleotides. DNA fragment containing the T7A1 promoter is
amplified separately using a pair of primers. After digestion of both nucleosomal and
promoter DNA with 75pRlI, the promoter fragment is ligated to the 147-bp 603 template
through complementary 7s5oRI sticky ends (30, 31), and the ligated template is gel-purified.

3.2.1. Purification of oligonucleotides with Cy5/Cy3 distal probes

1 Add 45 ul of water and 75 ul of 2x agarose loading buffer with 8 M urea to
30 ul of 100 uM solutions of the following oligonucleotides( Note 1):

6035AFP

5’-
CCCGGTTCGCGCGCCCGCCTTCCGTGTGTTGTCTCCTC
TCGG

3DW_Cy3_603-5A2
5’_
GCGTCTAAGTACGCTTAGCGCACGGTAGAGCGCAATCC

AAGGCTAACCACCGTGCATCGATGTTGAAAGAGGCCC
TCCGTCCTTATTACTTCAAGTCCCTGGGGT

5DW_Cy5_603-5A2

5’-
ACCCCAGGGACTTGAAGTAATAAGGACGGAGGGCCTC
TTTCAACATCGATGCACGGTGGTTAGCCTTGGATTGCG
CTCTACCGTGCGCTAAGCGTA

1Al operations with fluorescently labeled oligonucleotides should be accompanied by minimal exposure to visible and UV light
because the fluorophores are highly sensitive to light. The oligonuicleotides 3DW_Cy3_603-5A2 and 5DW_Cy5_603-5A2 were
labeled by Cy3 and Cy5 at the positions 15 and 13, respectively.
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6035ARP

5.
CTTAGACGCCCGAGTGACGACTTCACTCGGCAGGCGG
GCGCGCGAACCGGGCCCAGTGCC

Heats amples at 95°C for 5 min and separate DNA fragments by
denaturing PAGE (2).

Cut pieces of the gel, containing primers, and transfer them to 500 ul tubes
with a hole in the bottom.

Insert tubes into the 1,5 ml tubes and spin on Eppendorf microcentrifuge
at 13000 rpm for 10 sec.

Add 5 volumes of TE buffer to the samples after centrifugation and
incubate overnight at 4°C.

Collect supernatant by filtering through SpinX centrifuge tube filter by
centrifugation at 13000 rpm on Eppendorf microcentrifuge for 10 min.

Precipitate DNA by isopropanol, wash with 70% ethanol and dissolve
pellets in 100 ul of TE buffer .

Estimate DNA concentration by measuring absorption (A) at the
wavelength 2 60 nm.

Assembly of DNA template containing Cy5/Cy3 probes

Mix 2 primers: 3DW_Cy3_603-5A2 and 5DW_Cy5_603-5A2 in
equimolar amounts in the annealing buffer, heat at 95°C for 3 min and
slowly cool down from 95°C to 16°C during 2 hrs.

Extract the annealed product by phenol, then precipitate with ethanol and
wash with 70% ethanol.

Dissolve pellet in the annealing buffer and then add a mixture of 6035AFP
and 6035ARP primers in equimolar amounts.

Heat the mixture of four primers to 45°C and slowly cool down from 45°C
to 16°C during 1 hour.

Extract the annealed product by phenol, precipitate with ethanol and wash
with 70% ethanol.

Dissolve pellet in 15 ul of 1X T4 ligase buffer (NEB), add 4 ul of T4
ligase and incubate overnight at 16°C.

Cut the promoter and the nucleosomal Cy5/Cy3-labeled fragments by
TspR1 enzyme in NEB4 buffer (New England Biolabs) for 3 hrs at 65°C.

Resolve the obtained fragments in a 1.5% (w/v) agarose gel containing 4
M urea, 0.5 mg/ml ethidium bromide and 0.5 x TBE buffer at 4-6 V/cm
for 1.5-2 hrs.
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Excise the ~140-bp promoter fragment and the ~150-bp nucleosomal
fragment avoiding UV illumination (see Note 1).

Purify both fragments by gel extraction kit (Omega Bio-tek) according to
the manufacturer’s instructions.

Ligate 1-2 ug of the purified promoter DNA fragment (2) and the
nucleosomal Cy5/Cy3-labeled fragments at molar ratio 1.15:1 in T4 ligase
buffer for 1.5-2 hrs at room temperature.

Resolve the ligated from non-ligated contaminant fragment in a 1.8%
(w/v) agarose gel containing 0.5 mg/ml ethidium bromide and 0.5 x TBE
buffer at 4-6 V/cm for 2-2.5 hrs depending on the resolution required for
clear band separation.

Excise the desired ligated~300 -bp fragment avoiding UV illumination(see
Note 1).

Purify the ligated ~300-bp fragment by Gel Extraction kit (Omega Bio-
tek) according to the manufacturer’s instructions.

Measure DNA concentration on A260 wavelength, using A,go=20 for 1
mg/ml DNA.

3.2.3. Nucleosome assembly—Nucleosomes are assembled on the template described
above by dialysis against decreasing concentrations of NaCl and using long chromatin
without histone H1 as a donor of the histone octamer( Fig. 2A).

1
2.

Cool 500 ml each of CRB1 to CRB4 buffers to 4°C.

Mix one to three micrograms of the DNA fragment with long-H1/H5
donor chromatin at a ratio of 1.5 (w:w) in 0.04-0.1 ml of CRB1 buffer.

Dialyze successively against CRB2 and CRB3, each for 2 hours at 4°C.
Then dialyze the sample against CRB4 for 3 hours or overnight.

Transfer the reconstitute to a siliconized Eppendorf tube and store at 4°C
(do not freeze).

Check the samples by analysis by native PAGE (see below).

Utilize the prepared mononucleosomal templates for the transcription
experiments /7 vitro described below .

3.3. Preparation of stalled nucleosome complexes with RNAP: open complex
and elongation complexes stalled at the positions -39 and -5—The “minimal”
603 nucleosomal template for transcription by the RNAP contains a strong T7A1 promoter
region with the start site localized 50 bp upstream of promoter-proximal boundary of one of
the strong 147-bp 603 nucleosome-positioning sequences (30). Nucleosome positions on
these templates are unique and were mapped with high resolution (32). The sequence of the
template is designed to allow stalling of RNAP at different locations along the templates
(30). The 603 template described here as an example; it allows stalling at the positions -39
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and -5 (the numbers indicate positions of the active center of RNAP relative to promoter-
proximal nucleosome boundary) using different combinations of NTPs (Fig. 2B (31, 33)).

1.

10.

11.

12.

13.

All protein and DNA-protein complexes (£. coli RNAP and -H1 donor
chromatin) were purified as described (2).

To form active initiation complexes, incubate 200 ng of nucleosomal
templates or histone-free DNA with five-fold molar excess of the RNAP in
20 ul of the TB buffer containing 40 mM KCI (TB40) at 37°C for 10 min.

Take a small aliquot (2-3 ul) for FRET measurements (it contains the open
complex, OC).

Add ApUpC RNA primer to 20 uM, and ATP and GTP to 1 uM to allow
formation of the 11-nt labeled RNA transcript (EC-39 complex where the
active center of the enzyme is positioned 39 bp upstream of promoter-
proximal nucleosomal boundary) at 37°C for 10 min.

Add 20 ul of NiZ*-NTA agarose beads (50% suspension in alcohol) that
was previously washed three times with 0.5 ml of TB40, incubated in the
presence of 0.5 mg/ml of acetylated BSA (Sigma-Aldrich) for 10 min, and
washed two times with 0.5 ml TB40.

Incubate obtained EC-39 with Ni2*-NTA agarose beads at room
temperature for 5 min with gentle pipetting every 40-50 sec.

Spin the samples at 1600 rpm for 1 min at room temperature. Carefully
take the supernatant.

Wash beads with the immobilized EC-39 complexes once with TB40,
twice with TB300 and twice with TB40. Centrifuge after every wash on
Eppendorf microcentrifugeat 1600 rpm for 1 min at room temperature.

Incubate the washed beads in 30 ul of TB150 buffer with 100 mM
imidazole at room temperature for 5 min with gentle pipetting every 30
-40 sec.

Centrifuge on Eppendorf microcentrifuge at 1600 rpm for 1 min at room
temperature. Carefully collect the supernatant.

Take a small aliquot (3—4 ul) for FRET measurements; it contains the
elongation complex stalled at -39 position (EC-39).

Adjust volume to 20 ul. Incubate EC-39 with 1 uM CTP, 20 mg/ml
rifampicin, 0.5 mg/ml acetylated BSA, 150 mM KCI at 37°C for 10 min to
advance EC-39 to form EC-5 at the end of the -T DNA track on the upper
DNA strand.

Take a small aliqoute (3—4 ul) for FRET measurements; it contains the
elongation complex stalled at -5 position (EC-5).
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14. Add 4mM rNTPs to 100 mM final concentration to start the chase
reaction, incubate at room temperature for 10 min. The resulting reaction
mixture contains post chase sample for FRET measurements(see Note 2).

3.4. spFRET measurements

SpFRET analysis is performed in a diluted solution of nucleosomes or stalled elongation
complexes using an experimental installation with key modules and elements shown in Fig.
4. Besides home-build experimental installations (24, 34, 35) any commercially available
spectrometer for fluorescence correlation spectroscopy (FCS) or confocal microscope with
the module for FCS can be used for spFRET measurements. FCS modules are usually
equipped with avalanche-photodiodes (APDs), which surpass conventional photomultipliers
installed in commercial confocal microscopes in sensitivity and suit ideally for spFRET
measurements.

We utilize the Confocor-3 module of the LSM710-Confocor3 laser scanning confocal
microscope (Zeiss, Germany) to measure freely diffusing single nucleosomes and their
complexes with RNAP. Measurements are performed using the C-Apochromat water-
immersion 40x objective with the 1.2 numerical aperture (see Note 3). Fluorescence is
excited with Ar*-ion laser using the 514.5 nm wavelength, allowing efficient absorption by
Cy3. Intense absorption by Cy3 at the excitation wavelength allows reducing laser power to
2 UW (see Note 4). In our measurements a confocal diaphragm aperture is equal to the
diameter of Airy disk in the projection of fluorescence emitting point object on the
diaphragm. We utilize the 635 nm dichroic beam splitter and the 530 and 580 nm longpass
barrier filters (Fig. 4) from a set of standard filters installed in Confocor3. Accordingly,
fluorescent signals of Cy3 and Cy5 are collected within the 530-635 and 635-800nm
wavelength ranges, respectively.

1. To study freely diffusing nucleosomes and their complexes with RNAP
using spFRET technique, specimens are diluted with TB-PEG buffer to
0.1- 0.3 nM in order to have concentration of 0.1-0.3 particles per the
focal volume (ca. 1 fL)( see Note 5).

2. Initiate measurement of Cy3 and Cy5 fluorescence intensities as a function
of time (Fig. 4)( see Note 6).

2The labeled RNA present in the sample should be characterized before and after transcription by denaturing PAGE (Fig. 3) to make
sure that transcription is completed on the majority of the transcribed templates.

High numerical aperture of the objective is required to reduce the focal volume from which the fluorescent signal is recorded.
Smaller focal volume enables higher concentration of nucleosomes to be used for spFRET analysis, which in turn promotes
nucleosome structure stability. Signal intensity collected from a single nucleosome is proportional to the fourth power of the objective
numerical aperture.

The lower laser power is important to diminish interference of Rayleigh scattering with Cy3 fluorescence and reduce probability of
Cy5 photobleaching. High laser power can distort the E profile in frequency diagrams. This distortion is observed as a laser power-
dependent shift of a high FRET value in an E-histogram to lower values.

Dilution should be performed directly in the well of a chambered cover glass to minimize the loss of nucleosomes because of their
adsorption to the walls of the reaction tube. At the recommended concentration nucleosomes diffuse through the focal volume one by
one, and signals from single nucleosomes coming to APDs are well separated in time (Fig. 1). Higher concentrations of nucleosomes
result in an increase of the background signal and thus affect accuracy of FRET calculations. At lower concentrations the fraction of
nucleosomes that are adsorbed on well walls and does not participate in the measurement is considerably increased .

It is recommended to perform recording of the signal as a function of time with 3-5 ms dwell time. Dwell time is selected to be
roughly equal to an average time of nucleosome diffusion through the focal volume. Total measurement time is restricted by

Methods Mol Biol. Author manuscript; available in PMC 2016 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kudryashova et al. Page 9

3. Save the result of a measurement into a file.

4, Discriminate signals associated with nucleosomes, which are observed as
a set of sharp spikes against a low intensity background in the measured
traces (Fig. 4). Sharp fluctuations of signal intensity are assigned to
fluorescence of single nucleosomes when they meet to the following
threshold criterion: either Cy3- or Cy5- signal intensity is 5-10 times
higher than the corresponding background level. Very intense signals
should be rejected also, since they correspond to several nucleosomes
which accidentally diffuse through the focal volume simultaneously( see
Note 7).

5. Create a new file, where each identified nucleosome is characterized by
the registered fluorescence intensities of Cy3 and Cy5.

6. Recalculate the set of Cy3 and Cy5 signals assigned to single nucleosomes
into a set of FRET efficiencies (E) with a formula

E=(1,,—ax1,,)/(I,,+(1-a) x L,,), (2)

where /4 is intensity of Cy5 fluorescence in the acceptor channel, /pq is
intensity of donor fluorescence in the donor channel (both corrected for
background contribution),

a is the contribution of Cy3 fluorescence in the channel for Cy5 detection
(spectral cross-talk) calculated as

a=Iy, [1p,, ?3)

where /p, is intensity of Cy3 fluorescence in the Cy5 detection channel
corrected for background contribution (see Note 8).

7. Present the sets of FRET efficiencies calculated for the measured
nucleosome samplings graphically as frequency distribution histograms
and fit them with a sum of bands having a Gaussian shape( Fig. 5)( see
Note 9).

nucleosome structure stability and Cy5 photo stability. Under the described conditions measurements can be performed during at least
30 min (Fig. 5). Measurements during 10 min are sufficient to provide statistically reliable sampling (4000-8000 particles).

In our case, fluorescence spikes are assigned to single nucleosomes when either Cy3 -or Cy5- dependent signal intensities are higher
than 10 or 5 kHz, respectively, and lower than 80 kHz. Signals having intensity higher than 80 kHz originate from two or sometimes
several nucleosomes diffusing through the focal volume simultaneously. Spikes with intensities lower 10 and 5 kHz are enriched with
Rayleigh scattering spikes and/or noise. Typical intensities of the background signals are ca. 0.9-1.1 and 0.4-0.6 kHz for Cy3 and Cy5
channels, respectively.

Fluorescence spectra of Cy3 and Cy5 overlap in the 635-700 nm region. Therefore fluorescence of Cy3 contributes to the measured
signal of Cy5, and this contribution should be taken into account. Under our experimental conditions the spectral cross-talk a is equal
to 0.19. Spectral cross-talk for Cy5 fluorescence in the 530-635 nm region as well as direct Cy5 excitation with the 514.5 nm
wavelength are negligible.
9Analysis of E histograms shows that both nucleosomes and stalled complexes OC, EC-39 and EC-5 contain three subpopulations of
particles which differ in E (Fig. 5 and Table 1). These subpopulations can be described by E-values that correspond to the maxima of
Gaussian bands utilized to decompose the histograms into particular states. The main subpopulation of particles (76-82%) is
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characterized by high FRET (high average E value): 0.77 for nucleosomes and 0.72 for OC, EC-39 and EC-5 (Table 1). These particles
can be assigned to intact nucleosomes with the promoter-distal DNA (containing Cy3 and Cy5 labels) fully coiled on the surface of the
histone octamer (Fig. 1C). The high values of FRET are in agreement with the expected short average distance between Cy3 (position
+56) and Cy5 (position +135) in a fully assembled nucleosome (ca. 19 A). The second subpopulation of particles has low FRET value
(E=0.00), is observed in each specimen and contains 12-18% of particles (Table 1). This subpopulation most likely consists of
nucleosomes containing DNA that is partially uncoiled from the octamer and histone-free DNA. Minor subpopulation of particles (6—
7%) is characterized by intermediate average FRET efficiencies: 0.32 for nucleosomes and 0.22-0.25 for OC, EC-39 and EC-5 (Table
1). It has been suggested that these FRET efficiencies are characteristic for nucleosomes formed after dissociation of an H2A/H2B
histone dimer (36). These are so called hexasomes (37); they have partially unwrapped DNA end and, as a result, are characterized by
the increased distance between Cy3 and Cy5.

A remarkable feature of the studied nucleosomes, OC, EC-39 and EC-5 is their stability. Even at a high ionic strength (i.e. in the buffer
containing 150 mM KCI) the equilibrium between high, middle and low FRET states is preserved during at least 30 min of
measurements (Fig. 5). Thus we do not observe the instability detected for nucleosomes formed on similar 601 DNA sequences in
single-molecule experiments at NaCl concentrations higher 100 mM because of rapid nucleosome dissociation (36). Both intact
nucleosomal templates and their complexes with RNAP have comparable high stability.

The high FRET states of OC, EC-39 and EC-5 are very similar, but they are slightly different from the high FRET state of free
nucleosomes (Table 1, Fig. 6A). Thus RNAP binding to the templates outside of the nucleosome core affects DNA packing in the
region of Cy3 and Cy5 location. Bulk RNAP molecule likely sterically interferes with the binding of distal DNA end to the octamer
and induces slight DNA unwrapping, thus increasing the distance and decreasing the efficiency of FRET between Cy3 and Cy5. The
stalled complexes are also characterized by a small increase in the low FRET fraction and proportional decrease in the high FRET
subpopulation (Table 1, Fig. 6A)

EC-5 complexes subjected to transcription are converted by RNAP into post chase (PC) state which is characterized by the presence of
three similar subpopulations: low (E=0.00), middle (E=0.23) and high (E=0.72) FRET (Fig. 4, Table 1). According to biochemical
data more than 95% of EC-5 complexes are transcribed (not shown). spFRET analysis reveals that ca. 16% of nucleosomes are
converted from high to low FRET state after transcription (Fig. 6B). The fraction of middle FRET nucleosomes is also decreased
(Table 1). The remaining 64% of nucleosomes preserve compact DNA packing which is similar to that of the EC-5. The data suggest
that, consistent with the biochemical data (31), a large fraction of nucleosomes survives during transcription.
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e

Transcription

Figure 1. Experimental system for analysis of DNA uncoiling from the histone octamer
Fluorescent donor (yellow star) and acceptor (red star) (Cy3 and Cy5 fluorophores,

respectively) in a mononucleosome are shown. The direction of transcription is shown by
dashed arrow. (A) A donor is close to an acceptor, and donor excitation results in acceptor
emission (high FRET efficiency). (B) A donor is far from an acceptor, and donor excitation
results in donor emission (no FRET). (C) Thymidines in positions +40 and +135 from the
promoter-proximal boundary of the 603s nucleosome can be labeled with Cy3 and Cy5,
respectively, to have inter-label distance of approximately 1.9 nm.
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Figure 2. The experimental approach for stalling RNAP at unique positions on the 603
nucleosome
A. The sequence of the 603 template allows formation of the open initiation complex (OC)

and stalling of RNAP ECs at the_-5 or -39 positions (relative to the promoter-proximal
nucleosome boundary) upon addition of different partial combinations of NTPs.
Corresponding complexes are characterized and analyzed using DNase | footprinting or
SpFRET. B. Analysis of 603 mononucleosomal template containing Cy5/Cy3 fluorophores
by native PAGE. Arrows indicate positions of DNA and the nucleosome (Nu). M — 100-b.p.
DNA ladder (Fermentas).The gel was stained with ethidium bromide.
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Figure 3. Analysis of transcription through 603 nucleosome containing intact and fluorophore-
labeled DNA

Transcription by the RNAP was conducted in the presence of NTPs for 30 seconds at 150
mM KCI. The locations of the 603 nucleosome (oval), labeled DNA (*) and the run-off
transcript are shown. No additional pausing was detected on fluorophore-labeled DNA,
suggesting that fluorophores do not interfere with progression of the enzyme.

Methods Mol Biol. Author manuscript; available in PMC 2016 July 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kudryashova et al.

Page 16

solution with —— .
nucleosomes S _2 laser beam —|

objective <F="._

nucleosomes

focal volume._]

wavelength -
selective mirror Ar'-ion laser

lens RS -
confocal s
diaphragm i
lens =T 804
— Cy3
£ 604 _ C§5
-
dichroic H >
beam splitter \ ” APD; 'g 40+
[

IS

=|: '4 longpass

barrier filters
APD,

-
o

1.6 1.7 1.8 1.9 2.0
Time, s

Figure 4. Experimental setup for the spFRET study of freely diffusing nucleosomes and their
complexes

Laser beam is directed to specimen through the objective using a wavelength selective
mirror, which reflects light with the laser emission wavelength and transmit other
wavelengths. Fluorescence of a specimen collected with the objective is filtered with the
confocal diaphragm to reject signals coming from specimen layers situated above and below
the focal point. As a result, the confocal diaphragm transmits a specimen signal coming
from an ellipsoidal focal volume with main axes of ca. 0.3 and 1.5 pm (see insert at the top
right showing the principle of single particle detection). Freely diffusing single nucleosomes
labeled with donor and acceptor fluorophores pass through the focused laser beam (shown
by green color), where their fluorescence is excited (shown by yellow star). Spatially filtered
fluorescence is separated into two spectral parts (corresponding to donor and acceptor
fluorescence) with the dichroic beam splitter, additionally spectrally filtrated with the
longpass barrier filters (or band-pass filters) and registered with avalanche-photodiodes
(APD). Insert at the bottom right: an example of fluorescence intensity dependences on time
measured with two APDs. Green and red traces describe bursts of donor and acceptor
fluorescence intensities, respectively, which arise when single nucleosomes diffuse through
the focal volume. Intensities of these bursts are used to calculate FRET efficiencies (£) for
each measured nucleosome.
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Figure 5. spFRET analysis of nucleosomes and their complexes with stalled RNAP
Left column - frequency histograms of FRET efficiency (E) for nucleosomes (Nuc), open

complex (OC), elongation complexes -39 (EC-39), -5 (EC-5) and post chase state (PC).
Colored plots are the result of histogram deconvolution into three states: high FRET (H),
middle FRET (M) and low FRET (L). Right column - time courses of FRET for
nucleosomes and stalled complexes shown on the left. Dots represent E values measured for
each single nucleosome (stalled complex) diffused through the focal volume in different

Methods Mol Biol. Author manuscript; available in PMC 2016 July 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kudryashova et al.

Page 18

moments of an observation period. High structural stability is an obvious property of the
nucleosomes and stalled complexes.
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Figure 6. Comparison of frequency histograms of FRET efficiency (E)

Page 19

for (A) nucleosomes (Nuc), open complex (OC), elongation complexes EC-39 and EC-5;

(B) elongation complex EC-5 and post chasestate (PC).
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Efficiencies of FRET and relative fractions (in parentheses) for three subpopulations (low-FRET, middle-

FRET and high-FRET) observed in nucleosomes and their complexes with RNAP

Low-FRET | MiddleFRET | High-FRET
Nuc” | 0.00™(12%) | 0.327(6%) 0.77 (82%)
oc 0.00 (18%) | 0.25 (6%) 0.72 (76%)
EC-39 | 0.00 (17%) | 0.22 (7%) 0.72 (76%)
EC-5 | 0.00(14%) | 0.22 (6%) 0.72 (80%)
PC 0.00 (33%) | 0.23 (3%) 0.72 (64%)

7
Free nucleosomes.

*
The reported £ values were calculated by fitting the histograms (Fig. 6) to a sum of three Gaussian distributions and finding their maxima
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