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Abstract
The vital process of transcription by RNA polymerase II (Pol II) occurs in chromatin environment
in eukaryotic cells; in fact, moderately transcribed genes retain nucleosomal structure. Recent
studies suggest that chromatin structure presents a strong barrier for transcribing Pol II in vitro,
and that DNA-histone interactions are only partially and transiently disrupted during transcript
elongation on moderately active genes. Furthermore, elongating Pol II complex is one of the major
targets during gene regulation. Below we describe a highly purified, defined experimental system
that recapitulates many important properties of transcribed chromatin in vitro and allows detailed
analysis of the underlying mechanisms.
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1. Introduction
Recent studies have established that transcript elongation is a major checkpoint during
regulation of expression of thousands of human and Drosophila genes (Guenther et al.,
2007; Zeitlinger et al., 2007). Strong, regulated stalling of RNA polymerase II (Pol II)
occurs as the enzyme proceeds from initiation into transcript elongation, about 50 bp
downstream of transcription start (Core and Lis, 2008; Gilmour, 2009; Nechaev and
Adelman, 2008; Price, 2008), when Pol II enters into the first (+1) nucleosome on the gene
(Churchman and Weissman, 2011; Koerber et al., 2009; Mavrich et al., 2008; Schones et al.,
2008; Seila et al., 2008). Once Pol II overcomes the +1 nucleosomal barrier, it can continue
transcript elongation over hundreds of kb of predominantly nucleosomal template at a high
rate (3–4 kb/min (Singh and Padgett, 2009)), similar with the rate observed on histone-free
DNA in vitro (Cheng and Price, 2007; Izban and Luse, 1992). Nucleosomes are not lost
from thousands of moderately active genes (Jiang and Pugh, 2009; Kristjuhan and Svejstrup,
2004; Lee et al., 2004; Nacheva et al., 1989; Schwabish and Struhl, 2004). Furthermore, on
these genes, fast and extensive transcription-dependent displacement/exchange of only H2A/
H2B, but not H3/H4, histones was observed (Dion et al., 2007; Jamai et al., 2007; Rufiange
et al., 2007; Schwartz and Ahmad, 2005; Thiriet and Hayes, 2005; Wirbelauer et al., 2005).
Accordingly, our studies suggested that only one H2A/H2B dimer is displaced during Pol II
transcription in vitro (Belotserkovskaya et al., 2003; Kireeva et al., 2002). The lack of H3/
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H4 displacement or exchange indicates that these histones most likely do not leave
transcribed DNA even transiently ((Kulaeva et al., 2007), confirmed in our in vitro studies
(Kulaeva and Studitsky, 2010)). Since Pol II has to disrupt some DNA-histone interactions
during transcription, this disruption is transient and does not involve all H3/H4 tetramer-
DNA interactions at any given time (Kulaeva et al., 2009). At the same time, during intense
transcription, there is partial and transient loss of all core histones at the transcribed regions
(Kristjuhan and Svejstrup, 2004; Lee et al., 2004; Petesch and Lis, 2008; Schwabish and
Struhl, 2004; Zhao et al., 2005) and exchange (Dion et al., 2007; Jamai et al., 2007;
Rufiange et al., 2007; Schwartz and Ahmad, 2005; Thiriet and Hayes, 2005; Wirbelauer et
al., 2005). Efficient maintenance of chromatin structure during and after passage of Pol II is
essential for gene regulation, cell survival (Martens et al., 2005) and aging (Feser et al.,
2010). The Pol II-type mechanism of transcription through chromatin is conserved from
yeast to human (Bondarenko et al., 2006) and shared by Pol II and E. coli RNA polymerase
(RNAP), but not by other RNA polymerases (Kulaeva et al., 2009; Studitsky, 1999;
Studitsky et al., 1994; Studitsky et al., 1997).

Several types of Pol II-based experimental in vitro systems are available for analysis of the
mechanism of transcription through chromatin (Dedrick and Chamberlin, 1985; Izban and
Luse, 1991; Orphanides et al., 1998; Walter et al., 2003b). Systems that support promoter-
dependent transcription initiation in crude extracts (Izban and Luse, 1991) or with highly
purified proteins (Orphanides et al., 1998) are characterized by only a small fraction of
transcribed templates (Knezetic et al., 1988). This low efficiency of template utilization
makes analysis of the fate of nucleosomes after transcription and the structures of
transcribed complexes nearly impossible. A different type of DNA templates containing a
single-stranded, 3′-extending DNA “tail” support efficient end-initiation by Pol II in vitro
(Dedrick and Chamberlin, 1985). However, in this system, stable DNA-Pol II complexes are
formed at the end of DNA (Liu et al., 2003). Moreover, end-initiated and promoter-initiated
elongation complexes are functionally distinct and most likely have different structures (Liu
et al., 2003).

More recently, a method for assembly of “authentic” elongation complexes (ECs) using
histidine-tagged yeast Pol II and synthetic RNA and DNA oligonucleotides (Kireeva et al.,
2002; Sidorenkov et al., 1998) has been applied to analysis of the mechanism of
transcription through chromatin (Kireeva et al., 2002). This experimental system faithfully
recapitulates many important properties of chromatin transcribed in vivo (Hsieh et al., 2010;
Kireeva et al., 2002; Kulaeva et al., 2009; Kulaeva et al., 2010). However the fraction of
functionally active ECs is relatively low, making their direct structural analysis very
difficult. Since E. coli RNA polymerase (RNAP) and Pol II use very similar mechanisms for
transcription through nucleosomes, the bacterial experimental model remains useful for
analysis of general aspects of the mechanism (Hsieh et al., 2010; Kulaeva et al., 2009;
Kulaeva et al., 2010; Walter et al., 2003a).

Below we describe experimental approaches developed for analysis of the structures of the
ECs formed during transcription through chromatin by E. coli RNAP and Pol II. Currently
the first system allows footprinting of the ECs stalled in different positions within a
nucleosome. The latter system allows mapping of sites accessible to restriction
endonucleases within the stalled ECs (Hsieh et al., 2010; Kulaeva et al., 2009).

2. Materials and methods
The ECs can be assembled by two ways (Fig. 1). ECs can be formed after initiation of
transcription on a strong E. coli T7A1 promoter using the σ70-containing holoenzyme.
Alternatively, authentic ECs are assembled on synthetic oligonucleotides using the core
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enzyme (Sidorenkov et al., 1998). Both approaches produce ECs having very similar
properties during transcription of DNA (Sidorenkov et al., 1998) or nucleosomal templates
(Walter et al., 2003a; Walter et al., 2003b). The first approach can be used only with E. coli
RNAP due to the low efficiency of promoter-dependent transcription initiation in purified
Pol II-dependent in vitro systems. The ECs can be immobilized on Ni-2+NTA beads through
a hexahistidine tag positioned on the C-terminus of one of the large subunits of the enzymes.
Below we describe detailed protocols for promoter-dependent formation of ECs for E. coli
RNAP and the protocol for assembly of authentic ECs for Pol II. The low adhesion
microcentrifuge tubes (USA Scientific, Ocala) are used in all experiments.

3. DNaseI footprinting of elongation complexes formed by E. coli RNAP
during transcription through a nucleosome
3.1. Design and preparation of mononucleosomal DNA templates for transcription by E.
coli RNAP

The “minimal” nucleosomal templates for transcription by E. coli RNAP contain a strong
110-bp T7A1 promoter region with the start site localized 50 bp upstream of promoter-
proximal boundary of one of the strong 147-bp nucleosome-positioning sequences
(Bondarenko et al., 2006). Nucleosome positions on these templates are unique and were
mapped with high resolution (Morozov et al., 2009). The sequences of the templates are
designed to allow stalling of RNAP at different locations along the templates (Bondarenko
et al., 2006; Hsieh et al., 2010; Kulaeva et al., 2009; Kulaeva et al., 2010). The template
603-42 is described here as an example; it allows stalling at the positions −39, −5 and +41
(the numbers indicate positions of the active center of RNAP relative to promoter-proximal
nucleosome boundary) along the templates using different combinations of NTPs (Fig. 1
(Hsieh et al., 2010; Kulaeva et al., 2009)).

To obtain the templates, DNA fragments containing the nucleosome-positioning sequences
and the T7A1 promoter are amplified separately using different pairs of primers, one of
primers in each pair contains TspRI sequence. After the amplification and digestion with
TspRI, the promoter fragment is ligated to the 147-bp 603-42 template through
complementary TspRI sticky ends (Bondarenko et al., 2006; Kulaeva et al., 2009), and the
entire template is amplified by PCR again.

1. T7A1 promoter-containing DNA fragment is prepared as described in (Walter et
al., 2004). The upper oligo (5′-
AAAGGATCCAGATCCCGAAAATTTATCAAAAAGAGTATT
GACTTAAAGTCTAACCTATAGGATACTTACAGCCATCGAGAGGG-3′) and
lower oligo (5′-
GTTTCCTGTGTGTGCCCAGTGCCGGTGTCGCTTGGGTTGGCTTTTCGC
CGTGTCCCTCTCGATGGCTGTAAGTATCCTATAGG-3′, Invitrogen
Corporation, Carlsbad, CA) were mixed in equimolar quantities (200 pmole each)
in annealing buffer (10 mM Tris-HCl, pH 7.5; 100 mM NaCl; 1 mM EDTA) in a
final volume of 50 μl.

2. The oligos were annealed by heating them to 85°C in a H2O bath for 10 min and
allowing them to cool to RT slowly. The annealed oligos were filled in by
incubating at 72°C for 20 min in the presence of 1× Vent DNA polymerase buffer
(10 mM KCl, 20 mM Tris-HCl (pH 8.8), 10 mM (NH4)2SO4, 2 mM MgSO4, 0.1%
Triton X-100), 200 μM dNTPs (Amersham Pharmacia Biotech, Piscataway, NJ),
0.1 mg/ml BSA, and 1.5 units of Vent (exo-) DNA polymerase (New England
Biolabs, Beverly, MA). 10 μl of annealed oligo was used to conduct subsequent
fill-in reaction.
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3. The 603-42 fragment was amplified from pGEM-3Z/603 plasmid with forward
primer (containing TspRI restriction site): 5′-
ACACCGGCACTGGGGCCCGGTTCGCGCGCCCG
CCTTCCGTGTGTTGTCGTCTCTCGAGCTTC-3′ and reverse primer: 5′-
TACCCCAGGGACTTGAAGTAATAAGGAC-3′.

4. Both PCR products were extracted with ethanol, re-suspended in 1× NEBuffer4
(NEB, New England Biolabs, Beverly, MA), and digested with TspRI (NEB) at
65°C for 4 hr or overnight.

5. Both fragments were separately purified in 1.5% agarose gel containing 4M Urea.
The 113- and 147-bp DNA fragment were excised on trans-illuminator (Fisher
Scientific Inc.) using long UV wavelength (312 nm).

6. DNA fragments were further purified using QIAquick Gel Extraction kit (Qiagen
Chatsworth, CA) and the manufacturer’s protocol, and eluted with 30–50 μl of TE
buffer (TE buffer: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). DNA
concentrations were determined by measuring the A260; purified DNA fragments
were stored at −20°C.

7. The 113-bp T7A1 DNA fragment was ligated to the 147-bp 603-42 DNA fragment
using T4 DNA ligase (NEB) in 20 μl of ligation buffer (NEB) at 16°C overnight to
obtain the 269-bp DNA fragment.

8. The following PCR amplification step was used for DNA end-labeling with 32P
isotope. Either promoter or nucleosome end of the template can be labeled. Only
one DNA end was labeled to allow straightforward interpretation of the
footprinting results.

9. T7A1 forward or 603-42 reverse primers were end-labeled with 10–30 μCi γ-[32P]
ATP (6000 Ci/mmol, PerkinElmer Life Sciences, Boston, MA) using T4
polynucleotide kinase (NEB, as per NEB recommendations) prior to the PCR.
Reaction was continued for 1 hr at 30°C, followed by enzyme inactivation for 20
min at 65°C. Radiolabeled primer was directly used during subsequent PCR
amplification without additional purification.

10. The 269-bp ligated DNA fragment was used as a template for PCR amplification
with T7A1 forward and 603 reverse primers (one of the primers was radiolabeled).
Amplification was done in preparative amount (200–500 μl volume) using Taq
DNA polymerase (NEB).

11. The PCR product was extracted once with one volume of 1:1 (v/v)
phenol:chloroform, ethanol-precipitated, washed with 80% ethanol, dried and
dissolved in 30–50 μl of ddH2O.

12. DNA fragments were resolved in 1.5 % (w/v) agarose gel containing 0.5 mg/ml
ethidium bromide in TAE buffer at 4–6 V/cm for 1–2 h.

13. The 269-bp DNA fragment was excised on trans-illuminator using long UV
wavelength.

14. DNA fragment was further purified using QIAquick Gel Extraction kit (Qiagen,
Chatsworth, CA as per kit protocol) and was eluted with 30–50 μl of TE buffer.

15. DNA concentration was determined by measuring the A260. Purified DNA
fragments were stored at −20°C.
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3.2. Reconstitution of uniquely positioned mononucleosomes
The use of the 600-series nucleosome positioning sequences allows efficient nucleosome
assembly at single unique positions on DNA fragments as long as 1500 bp (Gaykalova et al.,
2009). Nucleosomes can be reconstituted using H1-depleted (–H1) donor chromatin or core
histones purified after overexpression in bacteria (Gaykalova et al., 2009). Only a minimal
molar excess of donor chromatin or purified histones is required for complete nucleosome
assembly on the radiolabeled DNA fragment. The properties of mononucleosomes
assembled using either donor chromatin or purified core histones are indistinguishable. The
nucleosomes obtained by these methods do not require additional purification and can be
directly used in various transcriptional assays described below.

1. 250 ml of each of CRB1 to CRB6 buffers were cooled to 4°C. CRB 1–6 (core
reconstitution buffers): all six buffers contain 10 mM Tris-HCl, pH 8.0, 0.2 mM
EDTA, 5 mM β-mercaptoethanol, 0.1% NP-40, and NaCl at the following
concentrations: buffer 1 – 2 M, 2 – 1.5 M, 3 – 1 M, 4 – 0.75 M, 5 – 0.5 M, and 6 –
0.01 M.

2. 0.5–3 μg of single end-labeled DNA was dissolved in the CRB1 buffer (for
assembly from purified histones) or in CRB3 buffer (for assembly by histone
octamer transfer).

3. For nucleosome assembly by histone octamer transfer, donor chromatin (purified as
described in (Gaykalova et al., 2009)) was taken in the amount of three-fold weight
excess (quantified by DNA content) relative to the amount the radiolabeled DNA
fragment.

4. In case of nucleosome assembly from purified histones, H3 and H4 histones were
added in two-fold molar excess relative to the amount of radiolabeled DNA, while
H2A and H2B were added in three-fold molar excess. Additionally, salmon sperm
dsDNA (Sigma-Aldrich, St. Louis, MO) was added to achieve two-fold weight
excess over the amount of the DNA fragment.

5. The reaction volume in all cases was adjusted to 40–100 μl to achieve 10–100 ng/μl
total concentration of DNA.

6. In case of nucleosome assembly from purified histones, the samples were
subsequently dialyzed against CRB1, CRB2, CRB3 and CRB4 each for 1hr, CRB5
for 2.5hr and CRB6 overnight at 4°C. Only CRB3-6 buffers were used for
assembly by histone octamer transfer.

7. The resulting nucleosomes were stored at 4°C. Freezing of the samples may result
in nucleosome disassembly.

8. The quality of nucleosome reconstitution was evaluated by analysis of the samples
by 4.5% (39:1 acrylamide:bis) native PAGE in 0.5× TBE buffer for 3 hr at 110 V
(Gaykalova et al., 2009).

9. The gel was transferred to Whatman 3MM paper, covered with a plastic wrap,
vacuum-dried and exposed with a PhosphorImager screen at room temperature for
2–3 h or overnight. Assembled nucleosomes migrate as a single band that has a
lower mobility in the gel as compared with histone-free DNA (Fig. 2).

3.3. Preparation of the complexes containing E. coli RNAP stalled at the unique +41
intranucleosomal position

In order to perform high-resolution structural analysis of the elongation complexes (ECs)
formed on the positioned nucleosomes, the RNAP should also be uniquely positioned. To
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obtain uniquely positioned ECs, the sequences of the DNA templates were modified to
allow stalling of E. coli RNAP at various unique positions (e.g. Fig. 1 (Kulaeva et al.,
2009)). The resulting sequences usually contain long DNA regions that are missing specific
DNA letter(s) in one of the two DNA strands (e.g. the 603-42 DNA template does not
contain Ts in the upper DNA strand between the transcription start-site and the position −5,
Fig. 1). If transcription is conducted in the presence of partial combination of NTP(s) (e.g. in
the absence of UTP, Fig. 1), RNAP continues transcription until it reaches the position
where the missing NTP has to be incorporated (e.g. position −5 on the 603-42 template) and
then stalls. In most cases, the stalled complexes are reasonably stable (for up to an hour at
150 mM KCl and room temperature) and maintain unique positions on DNA. To evaluate
the positions of RNAP on the template, RNA in the ECs is pulse-labeled and the resulting
radiolabeled transcripts are analyzed by denaturing PAGE.

1. All proteins and DNA-protein complexes (E. coli RNAP, Pol II, core histones
proteins and –H1 donor chromatin) were purified as described (Gaykalova et al.,
2009; Walter et al., 2003b).

2. To form active initiation complexes, 200 ng of nucleosomal templates or histone-
free DNA were incubated with 5-fold molar excess of E. coli RNAP in 20 μl of the
transcription buffer containing 40 mM KCl (TB40). Transcription Buffer (TB)
contains 20 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 2 mM β-mercaptoethanol, and
various concentrations of KCl (e.g. TB40 contains 40mM KCl). The complexes
were incubated at 37°C for 10 min.

3. ApUpC RNA primer (Oligos, Etc., Wilsonville, OR) was added to the active
initiation complexes to final concentration of 20 μM, together with 1 μM ATP
(Amersham Pharmacia Biotech, Piscataway, NJ) and 1 μM α-[32P] GTP (6000 Ci/
mmol, PerkinElmer) to allow formation of 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.

4. Unlabeled GTP was added to the reaction to final concentration of 20 μM to allow
formation of the 11-mer (EC-39) on the majority of the templates at 37°C for 5
min.

5. 20 μl of Ni2+-NTA agarose (50% suspension in alcohol, Qiagen) was washed 3
times with 0.5 ml of TB40, incubated in the presence of 0.5 mg/ml of acetylated
BSA (Sigma-Aldrich, St. Louis, MO) for 10 min, and washed 2 times with 0.5 ml
TB40. The volume was adjusted to 25 μl.

6. EC-39 was incubated with 1 μM CTP, 20 ug/ml rifampicin, 0.5 mg/ml acetylated
BSA, 150 mM KCl at 37°C for 10min to advance EC-39 to EC-5 at the end of the –
T DNA track (upper DNA strand).

7. Efficient formation and DNase I footprinting of the EC+41 can be achieved in
solution without additional washing steps. However extra wash steps after
immobilization of the complexes on Ni2+-NTA beads remove the unlabeled long
chromatin or salmon sperm DNA used in nucleosome reconstitution and excess
amount of ATP and other nucleotides, improving the site-specific pausing and
decreasing the background signals.

8. The EC-5 was immobilized on the Ni-NTA-agarose beads in TB40 and washed
once with TB40, 2 times with TB300, and 2 times with TB200. The volume was
adjusted to 25 μl.

9. EC-5 was incubated for 5 min in the presence of 100 mM imidazole to elute the
complex from Ni2+-NTA beads.
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10. Eluted EC-5 was diluted twice with TB200 to decrease imidazole concentration to
50 mM. Higher concentrations of imidazole inhibit activity of DNase I during
footprinting.

11. EC+41 was formed by incubating EC-5 in the presence of 300 μM CTP, UTP, GTP
and 150 μM 3′-dATP (Trilink Biotechnologies, Inc., San Diego, CA) in TB200 for
4 min at room temperature.

12. The reaction was terminated by adding EDTA to 20 mM, the reaction volume was
adjusted to 100 μl and the samples were extracted once with one volume of 1:1 (v/
v) phenol:chloroform.

13. Radiolabeled RNA was precipitated with ethanol, washed with 80% ethanol, dried,
and dissolved in 5 μl of RLB buffer (RNA Loading Buffer: 95% formamide, 10
mM EDTA, 0.1% SDS, and 0.01% of each bromophenol blue and xylene cyanol
dyes).

14. Samples were boiled for 3 min and analyzed by denaturing PAGE in 8% (19:1
acrylamide:bis) PAG in 0.5× TBE buffer for 1–1.5 hr at 2000 V.

15. Gel was dried on Whatman 3MM paper and exposed to a Phosphor-Imager screen
at room temperature overnight. An example of RNA analysis is shown in Fig. 3.

3.4. Footprinting of stalled EC-5 and EC+41 using DNase I
After characterizing the nucleosomes and the ECs containing stalled RNAP, the footprinting
experiments using DNA endonuclease DNase I are performed. In this case, the complexes
are obtained using single DNA-end-labeled templates, and the transcription reactions are
conducted in the presence of unlabeled NTPs. Usually DNaseI is added immediately after
formation of the stalled ECs and the footprinting reaction is performed for a short time (30
sec) to avoid decomposition of the ECs. The concentration of DNaseI used during
footprinting has to be determined in preliminary experiments (using histone-free DNA) to
allow introduction of single-strand breaks in less then 30% of all templates present in the
reaction (to guarantee mostly single-hit reaction conditions). The positions of DNA-protein
complexes (RNAP and/or nucleosome) on DNA are determined by analysis of the digested
end-labeled DNA by denaturing PAGE.

1. The EC+41 formed in TB200 is diluted by equal volume of TB0 immediately after
formation, to achieve final KCl concentration of 100 mM. Higher concentrations of
KCl inhibit activity of DNase I.

2. At this point, concentration of DNA template in reaction mix is approximately 2.5
μg/ml. Unlabeled –H1 chromatin is added to achieve total DNA concentration of
25 μg/ml to increase stability of the EC and prevent overdigestion by DNaseI.

3. 0.2–0.3 units of DNase I per 100 ng of total DNA is added to the reaction and
samples are incubated for 30 sec at 37°C.

4. The reaction is terminated by adding EDTA to final concentration of 20 mM.

5. The samples are supplemented with one third of reaction volume of 4× CLB
(chromatin loading buffer: 40% sucrose (w/v), 40 mM EDTA, 1 mg/ml ssDNA, 0.4
mg/ml-H1 chromatin and 0.5× TBE buffer) before loading into 4.5% (39:1
acrylamide:bis) native PAGE containing 0.5× TBE buffer.

6. ECs, nucleosomes and histone-free DNA are resolved by native PAGE for 3 hr at
110 V.
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7. To localize the ECs, the wet gel is exposed to a PhosphorImager screen for 1 hr at
room temperature. The bands containing different complexes (Fig. 4) are cut out of
the gel.

8. The gel slices are crashed, and the DNA is extracted overnight at 4°C in 3–5
volumes of NEB buffer (nucleic acid extraction buffer: 10 mM Tris-HCl, pH 8.0,
0.2 mM EDTA, 0.1% SDS).

9. Eluates are purified from gel pieces with spin-x centrifugation tube filter (0.45 uM
cellulose acetate filter, Corning-Costar, Lowell, MA) by centrifugation at 13,000
rpm for 30 min at room temperature on a microcentrifuge.

10. The sample volume is adjusted to 0.2 ml by extracting with 100% buthanol. Then
the samples are extracted once with one volume of 1:1 (v/v) phenol:chloroform.

11. DNA is precipitated with ethanol, washed with 80% ethanol, dried, and dissolved
in 5 μl of RLB buffer.

12. Samples are boiled for 3 min and analyzed by denaturing PAGE in 8% (19:1
acrylamide:bis) PAG in 0.5× TBE buffer for 1–1.5 hr at 2000 V.

13. Gel was dried on Whatman 3MM paper and exposed to a Phosphor-Imager screen
at room temperature overnight. An example of DNase I footprinting of stalled ECs
is shown in Fig. 5.

4. Mapping of elongation complexes formed by Pol II during transcription
through a nucleosome using restriction endonucleases

In the case of Pol II, authentic ECs are assembled using synthetic oligonucleotides and the
core enzyme (Sidorenkov et al., 1998) and then ligated to pre-assembled nucleosomes.

4.1. Design and preparation of mononucleosomal DNA templates for transcription by Pol II
To obtain the nucleosomes, DNA fragments containing the nucleosome-positioning
sequences are PCR-amplified separately (one of the primers contains TspRI sequence). After
the amplification and digestion with TspRI, the fragment is purified, nucleosome is
reconstituted and ligated to the pre-assembled Pol II EC through the TspRI sticky end
(Bondarenko et al., 2006; Kulaeva et al., 2009). In order to evaluate the quality of
nucleosomes, the promoter-distal end of nucleosomal DNA is weakly labeled with γ-[32P]
ATP. This weak labeling does not interfere with subsequent, more intense DNA end-
labeling and mapping using restriction endonucleases (part 4.3).

1. 603-42 reverse primer was labeled with 0.1 – 0.3 μCi of γ-[32P] ATP (6000 Ci/
mmol, PerkinElmer) using T4 polynucleotide kinase (NEB) in the TB40 buffer for
20 min at 37°C with subsequent enzyme inactivation for 20 min at 65°C.

2. The radiolabeled primer was used for fragment amplification from pGEM-3Z/603
vector with non-labeled forward 603-42 primer, as described in part 3.1.

3. The PCR product was extracted with ethanol, re-suspended in 1× NEBuffer 4 (New
England Biolabs, Beverly, MA), and digested with TspRI at 65°C for 4 hr or
overnight.

4. The 147-bp product of digestion was purified in 1.5% agarose gel containing 4 M
Urea. The 147-bp DNA fragment was excised on the trans-illuminator using long
UV wavelength.

5. The 147-bp DNA fragment was further purified using QIAquick Gel Extraction kit
columns (Qiagen Chatsworth, CA) using the manufacturer protocol and eluted with
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30–50 μl of TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). DNA
concentrations were determined by measuring the A260; purified DNA fragments
were stored at −20°C.

6. Nucleosome reconstitution on the 147-bp DNA fragment was performed as
described in part 3.2. The quality of nucleosome assembly was evaluated by native
PAGE (part 3.2, Fig. 2).

4.2. Preparation and identification of stalled EC
Yeast Pol II EC are assembled from two single-stranded DNA oligonucleotides (template
and non-template strands), 9-nt RNA primer and the core enzyme that was purified as
described in (Walter et al., 2003b). The template oligonucleotide is end-labeled, annealed
with the RNA primer and this RNA:DNA duplex is incubated with Pol II. Formation of EC
is completed by addition of an excess amount of non-template DNA oligo. The DNA
oligonucleotides are designed to generate the TspRI sticky end after annealing. Then the
assembled Pol II EC is immobilized through the His-tag positioned on Pol II complex
(Walter et al., 2003b), extensively washed, ligated to the pre-assembled nucleosomal
template through the TspRI sticky end, eluted into solution with imidazole, and transcription
is continued in the presence of partial combination of NTPs to stall Pol II at the desired
intranucleosomal locations.

After the ligation, the resulting sequence contains DNA regions that are missing specific
DNA letter(s) in one of the two DNA strands. Thus the 603-42 DNA template does not
contain Ts in the upper DNA strand between the transcription start-site and the position −5,
Fig. 1). If transcription is conducted in the absence of UTP, RNAP proceeds until it reaches
the position where the missing UTP has to be incorporated (position −5 on the 603-42
template) and stalls, forming EC-5.

1 200 pmoles of template ssDNA oligonucleotide, 50T: 5′-
GGTGTCGCTTGGGTTGGCTTTTCGGGCTGTCCCTCTCGATGGCTGTAA
GT-3′ was end-labeled with 10–40 μCi of γ-[32P] ATP (6000 Ci/mmol,
PerkinElmer) using T4 polynucleotide kinase (NEB) in TB40 buffer for 20 min
at 37°C with subsequent enzyme inactivation for 20 min at 65°C.

2 RNA:DNA duplex was obtained by addition of 200 pmoles of 9-nt RNA primer:
5′-AUCGAGAGG-3′ to 200 pmoles of radiolabeled 50T DNA oligo in 20 μl of
TB40. Reaction was incubated for 10 min at 45°C; then the temperature was
decreased by 2°C every 2 min to the room temperature.

3 The RNA:DNA duplex was incubated with 3-fold molar excess of yeast core Pol
II to form an active EC for 10 min at room temperature.

4 Formation of EC was completed by adding 50-fold molar excess of unlabeled
non-template DNA strand, 59NT: (5′-
ACTTACAGCCATCGAGAGGGACACGGCGAAAAGCCAACCCAAGCGA
CACCGGC ACTGGG-3′) for 10 min at room temperature.

5 (In some experiments, in order to identify Pol II positions on the template, the
RNA transcript was pulse-labeled in the presence of 1 μM α-[32P] GTP (6000
Ci/mmol, PerkinElmer) for 10 min at room temperature. RNA labeling was done
only in reactions that were conducted in parallel with the restriction mapping.
For the restriction enzyme mapping experiments, the reactions were conducted
with unlabeled RNA.)

6 20 μl of Ni2+-NTA agarose (50% suspension in alcohol, Qiagen) was washed 3
times with 0.5 ml of TB40, incubated in the presence of 0.5 mg/ml of acetylated
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BSA (Sigma-Aldrich, St. Louis, MO) for 10 min, and washed 2 times with 0.5
ml TB40. The volume was adjusted to 25 μl.

7 Pol II EC was incubated with 25 μl of Ni2+-NTA suspension for 15 min at room
temperature.

8 Immobilized EC was washed once with TB40, twice with TB300, and twice
with TB40. The volume was adjusted to 25 μl.

9 The EC was ligated with 100–200 ng of the nucleosomal template in the
presence of 100 μM ATP, 1% PEG-8000, and 50 units of T4 DNA ligase (NEB)
in a volume of 50 μl at 16°C for 1–2 hours.

10 After ligation, immobilized ECs were washed with TB40, incubated for 10 min
with TB300, and washed twice with TB300. These washing steps remove excess
of unbound DNA templates.

11 To extend the Pol II transcript, the product of ligation is incubated in the
presence of 200 μM CTP, ATP and GTP in TB40 for 15 min at room
temperature to form EC-5.

12 EC-5 is extensively washed with TB40, incubated for 10 min with TB300, and
washed twice with TB300.

13 EC-5 is eluted from Ni2+-NTA beads in the presence of 100 mM imidazole after
incubating for 5 min at room temperature.

14 Eluted EC-5 was diluted twice with TB200 to decrease final imidazole
concentration to 50 mM.

15 EC+41 was formed by incubating EC-5 in the presence of 200 μM CTP, UTP,
GTP and 150 μM 3′dATP in TB300 for 4 min at room temperature.

16 For the analysis of the complexes using restriction enzymes, after formation of
the EC+41 the reaction mix was diluted 3 times by TB0 to final KCl
concentration to 100 mM and incubated in the presence of restriction enzymes
(see below).

16 To characterize pulse-labeled RNA, the reaction was terminated by adding
EDTA to final concentration of 20 mM. Radiolabeled RNA was precipitated
with ethanol, washed with 80%

17 Samples were boiled for 3 min and analyzed by denaturing PAGE in 8% (19:1
acrylamide:bis) PAG in 0.5× TBE buffer for 1–1.5 hr at 2000 V.

18 Gel was dried on Whatman 3MM paper and exposed to a Phosphor-Imager
screen at room temperature overnight. An example of RNA analysis is shown in
Fig. 3.

4.3. Mapping of Pol II elongation complexes using restriction endonucleases
Although DNase I footprinting provides detailed information on the structures of analyzed
complexes, it could only be applied to highly homogeneous samples (the desired,
structurally homogeneous complex should be formed on more than 60% of the templates).
At the same time, during Pol II transcription large amounts of non-productive elongation
complexes arrested early during transcription of the templates is formed (Kireeva et al.,
2002). Therefore in case of Pol II DNA accessibility within the complexes was analyzed
using restriction enzymes. Nucleosomes strongly protect DNA from digestion with
restriction enzymes (Polach and Widom, 1999); thus DNA regions that are uncoiled from
the surface of the histone octamer would become sensitive to corresponding restriction
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enzymes (Kulaeva et al., 2009). Sensitivity of DNA in various (productive and non-
productive) complexes can be easily evaluated after separation of the complexes by native
PAGE.

1. After 3-fold dilution of EC+41 by TB0 to final KCl concentration of 100 mM,
reactions were equally divided to three tubes and incubated with 10 units of Cac81
(NEB) that recognizes promoter-proximal end of nucleosomal DNA, 10 units of
StyI (NEB) that recognizes promoter-distal end of nucleosomal DNA, or in the
absence of restriction endonucleases (control reaction), respectively. Reactions
were performed at room temperature for 15 min.

2. Reactions were stopped by adding EDTA to final concentration of 20 mM.

3. 4× CLB (one third volume of each reaction) was added to the reaction before
loading on 4.5% (39:1 acrylamide:bis) native PAG containing 0.5× TBE buffer.

4. ECs, nucleosomes and histone-free DNA were resolved by native PAGE for 3 hr at
110 V.

5. Gel was dried on Whatman 3MM paper and exposed to a Phosphor-Imager screen
at room temperature overnight (Fig. 6). The bands were quantified using a
PhosphorImager software.

6. Both the Cac8I and StyI intranucleosomal sites are protected from digestion in
EC-5 (Fig. 6) and in intact nucleosomes. As expected, in EC+41, the DNA behind
Pol II (the Cac8I site) is sensitive to digestion and the DNA in front of the enzyme
(the StyI site) is resistant. These data are consistent with the results obtained using
DNase I footprinting (E. coli RNAP, Fig. 5) and suggest that yeast Pol II and E.
coli RNAP induce similar structural rearrangements of DNA/histone contacts
during transcription through nucleosomes (Kulaeva et al., 2009).
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Figure 1.
The experimental approach for stalling of yeast Pol II (A) or E. coli RNAP (B) elongation
complexes (ECs) at unique positions on the 603-42 templates. The sequences of the 603-42
templates allow stalling of Pol II or E. coli RNAP ECs at the −5 or +41 positions (relative to
the promoter-proximal nucleosome boundary) upon addition of different partial
combinations of NTPs. In case of E. coli RNAP, the initiation complex (IC) is formed first
(small arrow). Then corresponding stalled ECs are characterized and analyzed using
restriction enzyme mapping or DNase I footprinting, respectively (see text for details).
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Figure 2.
Characterization of nucleosomes formed on the 603-42 templates for transcription by Pol II
or E. coli RNAP. Nucleosomes were reconstituted on DNA-end-labeled 603-42 templates
(269 and 147 bp, for transcription by E. coli RNAP and yeast Pol II, respectively). The
templates were analyzed by 4.5% native PAGE. Mononucleosomes (mono-N), histone-free
DNA and transcriptionally inactive close-packed dinucleosomes (di-N) are indicated. M –
end-labeled pBR322-MspI digest.
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Figure 3.
Characterization of RNA of the EC-5 and EC+41 formed by Pol II and E. coli RNAP on the
603-42 templates. EC-5 and EC+41 containing pulse-labeled RNA were formed as
described in Fig. 1, RNA was purified and analyzed by denaturing PAGE (see text for
detail). Arrows indicate positions of the transcripts and labeled DNA templates. M – end-
labeled pBR322-MspI digest.
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Figure 4.
Analysis of the EC-5 and EC+41 formed by E. coli RNAP on the 603-42 DNA and
nucleosomal templates. DNA-labeled ECs were incubated in the presence of DNase I and
separated by native PAGE. Different ECs have distinct electrophoretic mobilities indicating
their structural homogeneity.
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Figure 5.
DNase I footprinting of the EC-5 and EC+41 formed by E. coli RNAP on the 603-42 DNA
and nucleosomal templates. The promoter end-labeled DNA and nucleosomal templates
were incubated in the presence of DNase I and separated by native PAGE (Fig. 4). DNA
from different bands was gel-purified and separated by denaturing PAGE. The regions
occupied by RNAP in the EC-5 and EC+41 are indicated by dashed lines. The position of
the labeled DNA end is indicated by asterisk. M – end-labeled pBR322-MspI digest.
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Figure 6.
Analysis of the EC-5 and EC+41 formed by Pol II by the restriction enzyme sensitivity
assay. DNA-end-labeled elongation complexes were incubated in the presence of either
Cac81 or StyI restriction enzymes and analyzed by native PAGE. The positions of the ECs,
nucleosomes, DNA fragments and sites for the restriction endonucleases are indicated.
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